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SYNOPSIS
Not much has research work been done so far on temperature-related 
behaviour of clays. This theme has not received much attention of research workers 
in this field for a long time until the late 1960s when Campanella and Mitchell 
published their paper on "Influence of Temperature Variations on Soil Behaviour" 
in 1968 (Campanella and Mitchell, 1968). What followed was a special conference 
on this subject held in Washington in 1969, addressing a variety of research results 
in this field at that time. However, the interest of most research workers in the 
following two decades has been in soil models and their numerical implementation. 
Most research funds have been channelled towards studies concerning basic soil 
properties and the implementation of the results of research than to other topics in 
the same time. In recent years, rapid industrialization and implementation of many 
military technologies into civil industries have taken place in many western countries 
and a few other countries in Asia. This gave rise to a variety of problems related 
to the disposal of nuclear waste particularly in the late 1980s. A series of studies 
regarding disposal problems of nuclear waste were then carried out in Italy and the 
United States (Hueckel et al, 1990). In Australia, the first project related to this 
topic was awarded in 1991 to the Centre for Geotechnical Research (CGR) at School 
of Civil and Mining Engineering, University of Sydney.
This thesis contains the results obtained from triaxial tests performed at 
different elevated temperatures using a new triaxial apparatus called HTTA (High 
Temperature Triaxial Apparatus) specially designed for and forming part of, the 
work in this research. The thesis also contains a comparison of the experimental 
results and the predictions by different Cam-clay models including the revised Cam- 
clay model developed in this research.
Specimens of a remoulded clay, Kaolin CIC, have been tested at various
I
temperatures ranging from ambient temperature of 22±2°C to 100±5°C with two 
triaxial apparatuses. The first apparatus for tests at ambient temperature is a Bishop- 
Wesley-Type hydraulic triaxial apparatus; the other is a modified triaxial apparatus 
specially tailored and assembled for performing triaxial tests on the specimens at 
various elevated temperatures.
The triaxial tests on the specimens were conducted at room temperature as 
well as at two elevated temperatures, namely 50°C and 100°C. Stress-strain 
response of the specimens at different temperatures was observed. Attempts have 
been made in different ways to investigate whether soil properties of the selected clay 
would change with temperature. Further, the attempts made were also to see what 
have been changed in the stress-strain behaviour of the clay at different elevated 
temperature. Then, the test results from different elevated temperatures were 
compared with those obtained from the tests at room temperature; and also compared 
with the predictions by the Cam-clay models.
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PREFACE
The laboratory research work described in this thesis was carried out by the 
candidate during the period between February 1991 and July 1994 at the Centre for 
Geotechnical Research in the School of Civil and Mining Engineering at the 
University of Sydney. Most of the analytical work and thesis writing work were 
carried out during the period from June 1994 to December 1995 when the writer of 
this thesis was working in Hong Kong, enrolled as a part time student.
Throughout the course of research, the candidate was supervised by Dr. D. W.
Airey.
The By-Laws of the University of Sydney require a candidate for degree of 
Doctor of Philosophy to indicate which sections of the thesis are original. To this 
end ideas derived from other resources are acknowledged in the text, and the 
originality that the candidate claims is as follows:
(1) In Chapter 3, the results of triaxial tests and the analysis of stress-strain 
behaviour of the two kaolin clays;
(2) the method for saturating specimens of remoulded soil as presented in 
Chapter 3;
(3) in Chapter 3, the derivation for expression of the plastic strain ratio, devp/desp, 
for the revised Cam-clay model;
(4) in Chapter 4, the design of a triaxial system for soil testing at different 
elevated temperatures, and the methods of calibration for the various devices 
and parts of the system and the system itself;
V
(5) in Chapter 4, the modification of a computer algorithm to enable automation 
of the triaxial system, data acquisition during soil testing and performing 
software compensation on output of the thermocouples;
(6) in Chapter 5, the planning and design of the programme for soil testing at 
different temperatures, and the experimental results of the triaxial tests 
performed at different temperatures;
(7) in Chapter 5, the method of measurement for the coefficient of effective 
thermal volume expansion of soil;
(8) in Chapter 6, the results and the discussion of the analysis of 
thermomechanical behaviour of the soil.
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CHAPTER 1
INTRODUCTION
1.1 General remarks
Geotechnical engineering has traditionally been concerned with understanding, 
analysing, and predicting the mechanical behaviour of soils and rocks such as: the 
response of geological materials to imposed loads, or their ability to convey ground 
water. Problems related to the former are stability problems and settlement problems 
of structures on these materials; whereas, seepage problems and consolidation 
problems are related to the latter.
In the past few decades, mankind has experienced rapid economic growth 
making life much more easy and comfortable for many people. However, the 
uncontrolled fast growth of industrialization has also given rise to a variety of 
environmental problems, such as contamination of cultivable lands and pollution of 
the ecological environment due to disposal of various industrial wastes including 
nuclear waste. Research is therefore required to seek solutions to these problems. 
Specific examples include (1) the flow of heat around buried radioactive waste 
containers, (2) stress changes in the rock mass surrounding underground openings 
as a result of cooling deep mine works, (3) heat loss from underground thermal 
storage areas, (4) problems associated with under ground cryogenic storage, (5) the 
movement of foundations and possible damage to the soil fabric caused by the 
application or removal of heat from the soil or rock surface.
Among these problems, selection of proper treatments for radioactive waste
1
Chapter 1- Introduction
disposal has received global attention. Most of the schemes for long-term disposal 
of the wastes involve the deposition of canisters of radioactive material underground, 
perhaps under the seabed. These canisters perform as heat sources which cause the 
temperature of soil or rock around them to rise. If the soil is saturated, then both the 
soil minerals and the pore water will expand because of the temperature increase. In 
general, the coefficient of thermal expansion of the pore water is in excess of that of 
the soil minerals so that there will be a tendency for the water to expand more than 
the pores containing it; this difference in volume expansion between the constituents 
of soil will cause an increase in the pore water pressure, and, in turn, the increased 
pore water pressure causes an decrease in effective stress. As a consequence, if the 
increase in temperature is great enough, the effective stress may decrease to such a 
low value that cracking of the soil occurs; and thus, radionuclides may escape through 
the cracks to cause contamination of the soil around the heat source (i.e. the canister), 
and farther away from it.
Research into the thermomechanical behaviour of soil helps to provide insight 
into problems of this kind, and for practical design purposes, enables examination of 
the effectiveness of soil barriers placed in the near field around a canister as a buffer 
to protect the soil in the far field from contamination.
1.2 Methodology for the research work
Research into the effects of temperature on soil behaviour has been started in 
different ways by a number of research workers for more than three decades. 
Mitchell and Campanella (1968) as well as their contemporaries in the late 1960s 
started to look into problems of this kind by conducting soil tests at elevated 
temperatures of up to about 100°C. Most of the tests conducted were aimed at 
looking into the responses to temperature change as the soils were subjected to: (1) 
consolidation, (2) secondary consolidation (or creep), (3) soil compression. These 
tests were also aimed at investigating the relations between the properties of soil and
2
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the ambient temperature. Moreover, Mitchell and Campanella (1968) suggested a 
simple model to describe volumetric change and pore water pressure development for 
normally consolidated soil subjected to drained and undrained heating respectively.
Later on in the 1980s, Booker and Savvidou (1984, 1985) looked into these 
problems in an analytical way, assuming the soil to be an elastic medium. Booker 
and Savvidou obtained basic equations and solutions to coupled consolidation and 
conduction problems. Using the experimental data from triaxial tests at elevated 
temperatures (up to 100°C), Hueckel et al (1990) established for saturated soils a 
temperature-stress-strain model based on the Modified Cam-clay theory. Seneviratne 
et al (1993) proposed a method based on Booker and Savvidou's solutions (1984, 
1985) and the concept of the Modified Cam-clay model, for analysis of 
thermomechanical behaviour of normally consolidated soil.
In this research work, attention was focused on improvement to the 
experimental techniques and on the investigation of thermomechanical stress-strain 
behaviour of normally consolidated clay. It was intended to implement the concepts 
of critical state soil mechanics for research of the thermomechanical behaviour of a 
normally consolidated soil. It was also intended to study the temperature effects on 
the Cam-clay parameters and the critical state of the soil.
Research results from Mitchell and Campanella (1968), Demars and Charles 
(1981) and others have suggested that compression index (A.) and swelling index (k) 
are temperature independent. Yet, no research work has been reported on the effect 
of temperature on the critical state of normally consolidated soil. Therefore, 
temperature effects on the critical state of a remould clay (Kaolin C1C) were 
examined; and a new approach was proposed for studying the thermomechanical 
behaviour of the clay as observed in the tests conducted. The approach is basically 
a continuation of Seneviratne's work (1993) with a slight modification made to the 
expression for the yield function.
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1.3 Triaxial apparatus for soil tests
Triaxial tests have been employed for so many years to investigate the 
mechanical stress-strain behaviour of soil for both research and design work in 
geotechnical engineering. The triaxial cell comprises three major parts: (1) a cell 
base, which has at its centre a pedestal that the soil specimen is seated on, and to 
which the water lines and the lines for other measuring devices are connected; (2) 
a removable chamber and top cap; (3) and a loading ram. The soil specimen is 
enclosed between the top cap and the pedestal using a waterproof membrane secured 
with O-rings at both ends of the specimen. The soil specimen can then be loaded by 
the cell pressure and the axial loading transmitted through the loading ram and top 
cap (Bishop and Henkel, 1962). In drained triaxial compression tests, the apparatus 
enables volume change and deviator stress to be measured. For measurements of 
volume change a high-precision burette was used in the past, but nowadays a 
pressure-voi urne controller such as a GDS device may be used. For measurements 
of deviator load, a dial-gauged or strain-gauged proving ring, or an internal load cell 
may be used. In undrained triaxial compression tests there is no volume change of 
the specimen, and the apparatus enables measurements of the pore water pressure in 
the specimen. Devices commonly used for this purpose include manometers or 
pressure gauges, pressure transducers, or a pressure-volume controller such as a 
GDS.
In research of the thermomechanical behaviour of soil, research workers have 
been interested in the stress-strain responses of soil tested at different elevated 
temperatures, and in the comparisons of these responses with the responses observed 
at room temperature. To achieve this end, different investigators have used different 
approaches.
Mitchell and Campanella (1968) attempted to control the soil temperature by 
adjusting the air temperature in a chamber surrounding the triaxial cell. The
4
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specimen temperature was adjustable by circulating pre-conditioned water through 
the triaxial cell. With this arrangement, Mitchell and Campanella conducted triaxial 
tests on saturated clays at different temperatures ranging from 4.4°C to 60°C.
Baldi, Hueckel and Pellegrini (1988) performed high temperature tests on a 
natural clay and two reconstituted clays using a modified triaxial apparatus, HITEP 
at ISMES, Bergamo, Italy. Based on a conventional triaxial apparatus, the HITEP 
apparatus was equipped with heating elements: a flexible 1700 W heater bent around 
the outside of the triaxial chamber and two 500 W heaters housed in the bottom 
pedestal. On the surface of the chamber heater, a layer of insulation was applied to 
reduce heat loss. With the HITEP, Baldi and Hueckel et al (1986, 1988, 1989) 
conducted triaxial tests on a number of soils including normally consolidated and 
overconsolidated soils over a temperature range from 20°C to 92°C.
At room temperature, loading a soil under undrained conditions is considered 
to be a constant volume process where the development of pore water pressure is 
measured. But, heating a soil under undrained conditions is no longer a constant 
volume process. Measurements of the volumetric change and pore pressure 
development in the soil during undrained heating were often found to be difficult.
A new triaxial apparatus was designed for this research work. The apparatus 
was equipped with different electronic devices to enable measurements of: (1) 
volumetric changes of the soil specimen due to either drained or undrained thermal 
loading, (2) development of the pore water pressure in the specimen subjected to 
undrained thermal loading or mechanical loading, (3) variations of the deviator stress 
during shearing of the soil specimen, (4) local axial strains and radial strains 
separately. Although in the design of the apparatus a maximum testing temperature 
of up to 200°C was allowed for, the maximum available testing temperature in this 
research work has been limited to 100°C. This was the maximum temperature that 
the flexible membranes used could resist.
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1.4 Aims and outlines of this thesis
The aims of the research work described in this thesis are as follows:
(1) To select a normally consolidated soil whose mechanical stress-strain 
behaviour can be reasonably predicted by the Cam-clay theory;
(2) To obtain a set of experimental data from conventional triaxial tests on the 
selected soil at room temperature: consolidated drained or undrained triaxial 
compression tests; the typical stress-strain response, in terms of Cam-clay 
parameters, of the selected soil is treated as a reference with which the 
thermomechanical stress-strain behaviour of the selected soil at different 
elevated temperatures are to be compared;
(3) To design a new triaxial apparatus for performing triaxial tests on the selected 
soil at different elevated temperatures including isotropic consolidation tests, 
drained or undrained heating of the soil under constant isotropic pressures, 
consolidated drained and undrained triaxial compression tests. It is intended 
to obtain typical sets of experimental data to represent the thermomechanical 
stress-strain behaviour of the selected soil for comparison with the behaviour 
at room temperature;
(4) To examine whether Cam-clay parameters and the critical state of the selected 
soil are affected by the temperature changes;
(5) The isotropic consolidation line (INCL) of soil was observed to vary with 
temperature in the v:lnp' space (Campanella and Mitchell, 1968; and, 
Demars and Charles, 1981). It is intended to examine whether the critical 
state line would shift as the INCL line does and how it does. The Cam-clay 
models are then implemented to analyse the stress-strain behaviour of the
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selected soil at elevated temperatures;
(6) One of the assumptions made in the Cam-clay models (Schofield and Wroth, 
1968; Roscoe and Burland, 1968) is that the INCL line separates from the 
critical state line (CSL) in the v:lnp' space by a given factor of (A. - K)ln2 for 
the Modified Cam-clay model, and of (A. - k) for the Cam-clay model. 
However, other researchers such as Wei (1964, 1981), and Kutter (1992) 
suggest that, for a given soil, the separation between the INCL and CSL is 
not necessarily prescribed and should be determined from the tests performed 
on the soil. It follows from the suggestion that the yield function can still be 
assumed as an ellipse but the ratio of its two axes, or the centre of the yield 
surface in the q:p' space, may thus be varying from one value to another for 
different soils. In this thesis, an attempt is made to incorporate a variable 
yield locus into the Cam-clay theory to issue a new expression for the yield 
function of the Modified Cam-clay model; and to use the revised model to 
analyse the experimental data obtained from the tests in this research 
programme.
In Chapter 2, there is a literature review of the previous research regarding 
the temperature effects on a variety of soil properties including consolidation and 
secondary consolidation of clays, strength of clays and other physical properties of 
clays; and regarding the methodology of prediction of thermomechanical behaviour 
of soils.
Chapter 3 reports the results of the triaxial tests conducted at room 
temperature on two kaolinite clays designated as Kaolin CIO and Kaolin C1C. The 
rationale behind the selection of Kaolin C1C for this research work is also presented. 
The Cam-clay parameters, and the locations of both the INCL and CSL of the soil 
in the v:lnp' space are also estimated. Predictions of the soil behaviour by the Cam- 
clay model, the Modified Cam-clay model and a revised Cam-clay model are also
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made to compare with the data from the room temperature tests. Thus, justification 
checks the validity of the models for studying the stress-strain response of the 
selected soil. For the revised Cam-clay model derivation for a new expression of the 
elliptic yield surface is given on the basis of the assumption that the centre of the 
ellipse, in the q:p' space, is not necessarily fixed at a given location as what it has 
been assumed in the original Cam-clay and the Modified Cam-clay models.
Chapter 4 contains details of the apparatus designed for this research work, 
the experimental procedures, appraisal of the accuracy of the measurements, and 
details about calibration of the measuring devices employed by the apparatus. A few 
recommendations for future development of the apparatus are also given to conclude 
Chapter 4.
Data from the tests at different elevated temperatures are summarized in 
Chapter 5. Typical data are presented, in various spaces, in the way following the 
concepts of the theory of critical state soil mechanics. The locations of the CSL and 
INCL lines, as well as the Cam-clay parameters are estimated and summarized in a 
table in Chapter 5. The observed thermal strains during drained or undrained 
heating, comparison of the external and internal measurements, are also reported in 
Chapter 5. The stress, strain data from the drained and undrained tests are presented 
in the normalized stress-strain spaces, q/pe:p'/pe and q/pe:ea (i.e. the state paths). 
Comparison of the state paths of the soil tested at different temperatures is made to 
show how temperature change influencing the stress-strain response of the soil to the 
applied loading.
Following Chapter 5, Chapter 6 mainly introduces an approach for predicting 
the thermomechanical stress-strain behaviour of the selected soil. The approach is 
based on Seneviratne's work (1992), the Modified Cam-clay theory and also some 
recent suggestions to the concept of elasto-plastic models (Wei, 1964,1981; Kutter, 
1993). The results of the predictions are then presented in comparison with the
8
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experimental data.
Finally, in Chapter 7, the conclusions from the preceding chapters are 
summarized and some suggestions are made for further research.
9
CHAPTER 2
LITERATURE REVIEW
2.1. Introduction
Geotechnical engineers have traditionally been interested in the mechanical 
behaviour of soils and rocks, e.g., the response of geological materials to imposed 
loads or their ability to transmit ground water. Recently a number of important and 
yet unsolved problems involving the thermal behaviour of these natural materials 
have arisen. Specific examples include the flow of heat around buried radioactive 
waste containers, stress changes in the rock mass surrounding underground openings 
as a result of cooling deep mine workings, heat loss from underground thermal 
storage areas, problems associated with underground cryogenic storage, the 
movement of foundations and possible damage to the soil fabric caused by the 
application or removal of heat from the soil and rock surface, as well as the 
application of heat to a natural oil reservoir to enhance the extraction rate.
Rational solutions are now required to problems such as those outlined above. 
This can only be made possible by the development of soundly based theories which 
enable the reliable prediction of the behaviour of the geological materials. At least, 
four areas in this development can be identified. The first involves the formulation 
of a constitutive model for the thermomechanical behaviour of geological materials. 
Secondly, values for the important material-parameters associated with the theory 
must be determined. Thirdly, analytical and numerical tools must be developed for 
solving specific problems, and finally, the predictions of the theory need to be 
compared with the results of carefully controlled experiments.
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This thesis is concerned with the first two areas: constitutive models and 
determination of the appropriate material-parameters. A literature survey has been 
conducted to review the previous work in these areas. The review concentrates on 
the behaviour of clays during consolidation and shearing, and on the models that are 
available to describe this behaviour.
2 .2 . Literature Review
Temperature affects many aspects of the soil behaviour. In the last 25 years, 
a number of researchers have conducted a variety of experiments on clayey soils to 
investigate this thermomechanical behaviour. Unlike conventional soil tests 
performed at room temperature, soil tests at elevated temperature need specially 
designed equipment. Different researchers have developed their own equipment, 
often to investigate a particular aspect of the response. However, comprehensive 
investigations of the complete thermomechanical behaviour have been very limited.
2.2 .1  Temperature effects on the compressibility and consolidation of
clays
Some of the early studies of the effects of temperature were of the 
consolidation behaviour. The effect of temperature on consolidation of soil is to 
cause successively lower void ratio with increasing temperature for a given initial 
consolidation stress. Finn (1951) carried out a series of one-dimensional 
consolidation tests on specimens of clay at different constant temperatures. The tests 
were conducted at temperatures ranging from 4.4°C to 26.7°C. Finn found that a 
small change in the temperature, from 21.1°C to 26.7°C, did not cause noticeable 
change in the coefficient of consolidation, cv, of the clay ,but a remarkable 
difference of cv values was noticed as the consolidation temperature was reduced to 
4.4°C (Figure 2.1). Nevertheless, from tests on normally consolidated clay, Finn's 
results indicated that the coefficient of volume compressibility, mv, was independent
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of temperature. A similar conclusion was also reached by Campanella and Mitchell 
(1968) in their study on the influence of temperature variations on normally 
consolidated illite in the temperature range of 18.9°C to 60°C; also by Houston et 
al (1985) in a study of the thermomechanical behaviour of illite-rich sea-floor 
sediments between 4°C and 200°C. Simon (1965) carried out consolidation tests at 
different temperatures from 6.5°C to 21°C on Fornebu clay, a normally 
consolidated, saturated, sensitive, silty marine clay. Simon found that both mv and 
cv of the Fornebu clay decreased with decreasing temperature. Using a specially 
designed consolidometer, Paaswell (1967) studied a consolidating clayey soil, 
Paaswell's results also indicated that the mv of the soil was temperature dependent. 
Data from the above-mentioned research work appear to show that mv of normally 
consolidated clay is practically independent of temperature. There are some 
exceptions possibly related to the sensitivity of individual natural soils.
Changes of soil compressibility with temperature and with applied stress were 
studied by Plum and Esrig (1969), Campanella and Mitchell (1968), Laguros (1969), 
and, Demars and Charles (1982). Some typical results from their studies are shown 
in Figures 2.2 to 2.4. The tests were all carried out on normally consolidated illite. 
The results indicate that void ratio of the soil decreases with increasing temperature 
at constant stress. Plum and Esrig's result (Figure 2.3) further indicates that at 
lower stresses where the soil is of weaker structure, the higher temperature causes 
more consolidation to occur than at higher stresses. Furthermore, after a cycle of 
heating and cooling at constant stress, the soil behaves as if it has been 
overconsolidated (Figure 2.4). Baldi et al (1987, 1988) and Hueckel et al (1986, 
1990, 1991) studied further these effects and found that (1) overconsolidated clay 
exhibited a thermo-elastic behaviour when subjected to isotropic loading and a 
temperature cycle of heating and cooling under drained conditions; (2) in contrast to 
overconsolidated clay, normally consolidated clay showed substantial irreversible 
volumetric strains when subjected to a cycle of temperature change under drained 
conditions; (3) magnitudes of the thermal strain depended on both changes in
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temperature and in confining pressure.
Changes in the cv and mv values of soil with temperature could be related to 
temperature-induced changes in the inter-particle physico-chemical properties such 
as the thickness of the double layer and the characteristics of its absorbed cations 
(Mitchell, 1976). The coefficient of consolidation of a soil is a function of the soil 
permeability, k, and volume compressibility, mv. It has been found that k is related 
to the viscosity of the pore water (Terzaghi, 1943), and this changes with 
temperature change. The relationship between k and pore water viscosity, p, is as 
follows (Terzaghi, 1943):
where K is "absolute permeability" (Mitchell, 1976), yw is unit weight of pore water. 
It has been pointed out that the compressibility of clayey soils might be affected by 
thickness of the double layer, absorbed cation types, and electrolyte concentration 
of the soils (Mitchell, 1976) and by physico-chemical changes in soil properties 
(Hadley et al, 1984). These factors are all temperature dependent. Besides, from 
thermal consolidation tests on a slightly organic soil, Habibagahi (1976) found that 
the increase in cv value due to temperature increase might be attributed to the 
associated loss in viscosity of pore water.
Both mv and cv are stress-dependent parameters, and this complicates the 
interpretation of possible temperature effects. However, the compression and 
swelling indices, Cc and Cs, are known to be approximately independent of stress, 
and several studies have been conducted to investigate the effects of temperature on 
these parameters. Campanella and Mitchell (1968), Laguros (1969), and, Demars 
and Charles (1982) found from isotropic consolidation tests of remoulded Illite-based 
clays that the compression index, Cc was insensitive to temperature. Once the
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equilibrium had been established at the new temperature, the different temperatures 
had no significant additional effects on the amount of consolidation. The 
temperatures in these studies ranged from 20°C to 60°C. The normal consolidation 
and swelling lines for a given range of stresses at different temperatures were 
essentially parallel (Figure 2.2, after Campanella and Mitchell, 1968). The 
parallelism of the normal consolidation and swelling lines at different temperatures 
for other clayey soils was also confirmed by Habibaghi (1973), Houston (1985), with 
tests on illitic ocean sediments up to 200°C, Tidfors et al (1989), and Plum and 
Esrig (1969). However, Plum and Esrig (1969) found that for effective stresses less 
than 200 kPa, temperature did have some effects on both Cc and Cs in one 
dimensional compression.
Baldi et al (1986) found from testing clay in both normally consolidated and 
over-consolidated states that the elastic bulk modulus (k , which is related to Cs) was 
affected by temperature. The tests investigated the relationship between strain 
reversibility and temperature cycles of the soil. It has been concluded from the test 
results that thermal isotropic strains of the clay under isotropic effective stresses are 
contractive in the drained conditions both in overconsolidation and normal 
consolidation ranges, and in general thermal strains were seen to depend strongly on 
the effective stress.
In conclusion, most of the results suggest that Cc and Cs are constant under 
isothermal conditions for a wide range of temperatures (0 to 200°C), and for all clay 
minerals. There is some evidence that Cc and Cs are not constant for sensitive 
natural clays, and for low pressures, but for these conditions Cc, Cs are often found 
to be pressure dependent. The reasons for the effects of temperature on the values 
of cv and mv could principally be ascribed to the following:
(1) inter-particle physico-chemical changes as a result of temperature changes
which may cause changes in thickness of double layers and absorbed cations;
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(2) changes in the physical properties, viscosity and density, of the pore water.
2 .2 .2  Tem perature effects on secondary consolidation (creep) o f clays
The effects of temperature on the secondary consolidation of clays tested 
under different consolidation paths have been investigated by many researchers. The 
secondary consolidation may be described by Ca (Lambe and Whitman, 1969), where
C = de
¿/(logr)
that is the ratio of change in void ratio to logarithmic time.
Long term anisotropic consolidation tests, at different temperatures, were 
carried out on undisturbed samples of normally consolidated Osaka-clay (Murayama 
and Shibata 1961, 1964). For this clay (Ip=  40) the coefficient of secondary 
consolidation, C„, increased linearly with temperature over the temperature range 
from 5°C to 40°C for a given applied stress. Houston et al (1985) testing an illitic 
clay with Ip=  47 also found that Ca increased with temperature for a given pressure. 
In these tests the soil was isotropically consolidated and the temperature ranged from 
4° to 200°C. The changes of Ca with temperature were attributed to changes in the 
viscous resistance of the clay skeleton against sliding between particles (Murayama 
and Shibata, 1964).
However, one dimensional consolidation tests on samples of two Paulding 
clays, containing about 70% illite, at temperatures of 25°C and 50°C (Habibagahi, 
1973; and Mesri, 1973) showed C„ values that were not significantly affected by 
temperature. The two clays were in-situ soils with similar plasticity indices (Ip«  25) 
but with different organic carbon content values of 5.77% and 0.6% . The inorganic
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clay (the latter) had a Ca value about 100x104 while the organic clay had C„ values 
of 200 to 250xl04. The results suggest that organic matter does not influence the 
temperature dependence of C„, and suggest that the influence of temperature on Ca 
is dependent on Ip. It has been reported that the mineralogical composition and 
physico-chemical properties have important influences on the coefficient of secondary 
compression (Mesri 1973). For instance, sodium smectite has a higher coefficient of 
secondary compression than kaolinite and changes in the physico-chemical 
environment will have more effect on the former than on the latter (Mesri, 1973). 
In general it may be expected that the effects of temperature on Ca will increase with 
ip-
Temperature related changes in the creep rates of other saturated clays were 
studied by Mitchell et al (1964). The clay specimens were first consolidated at room 
temperature (20°C) under maintained deviator stress, and the creep rates of the 
specimens after primary consolidation were noted. The specimens were then 
subjected to a rapid increase in temperature (from 20°C to 40°C) with the applied 
deviator stress maintained and the final creep rate determined. Other similar tests 
on a natural clay (Boom clay) and two remoulded clays (a commercial Kaolin and 
Ponitda silty clay) were performed by Baldi et al (1986, 1988) to investigate the 
undrained thermal creep behaviour of the soils. The deviatoric creep rates all 
increased as the temperature increased. It was concluded by the authors that the 
increased creep of the saturated clays could result from the decrease in effective 
confining pressure due to increased pore water pressure; and from the increase in 
thermal energy of the clays, which was conducive to the deviator stress shearing the 
soil structures.
In contrast to research into the temperature effects on creep of normally 
consolidated soils, little work has been reported for overconsolidated clays. Many 
researchers considered that increase in temperature should also impose, to different 
degrees, effects on the secondary consolidation of overconsolidated clays. The
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effects were considered to be dependent on the types of soil (Habibagahi, 1973; 
Mesri, 1973), on the values of OCR (Demars and Charles, 1981), and on absolute 
values of temperature (Murayama and Shibata, 1966).
2 .2 .3  Temperature effects on strength o f clays
There is some controversy concerning the effects of temperature on the 
undrained shear strength of clayey soils. Several authors have reported that the 
undrained strength of normally consolidated clays reduces as the temperature 
increases. This has included triaxial tests on remoulded marine mud from 4.7°C to 
31.4°C (Mitchell, 1964), and on the same soil at temperatures from 20°C to 48.8°C 
(Duncan and Campanella, 1965); tests on bentonite-sand mixtures at temperatures 
from 20°C to 65.5°C (Naik, 1986); and for unconfined tests of a remoulded clay for 
temperatures from 23.8°C to 65.5°C (Sherif and Burrous, 1969). In the studies of 
Mitchell (1964) and Naik (1986) the soil specimens were prepared at room 
temperature, and then consolidated to the desired stresses at different desired 
temperatures before the specimens were loaded to failure under undrained conditions; 
whereas, in other studies by Duncan et al (1965) and Sherif et al (1969) the soil 
specimens were prepared at room temperature then heated and loaded to failure at 
desired temperatures under undrained conditions.
However, Laguros (1969), having performed a number of undrained 
unconfined tests on four clayey soils (kaolinite, illite, montmorillonite, and 
montmorillonite-illite) found that the undrained unconfined compressive strength 
increased with temperature over the range from 1.6°C to 40.5°C. The specimens 
were prepared by compression to their maximum density at room temperature, then 
the compacted specimens were stored in a constant temperature chamber for 2 hours 
before testing. Houston et al (1985) carried out undrained triaxial tests on 
undisturbed and remoulded samples of a deep ocean illite at temperatures in the 
range from 4°C to 200°C. Before shearing the specimens were subjected to
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thermomechanical consolidation to normally consolidated states at various 
temperatures. Houston et al found that the peak strength of the specimens increased 
as the temperature increased for a given effective stress level. More recently, 
Kuntiwattanakul et al (1995) conducted consolidated undrained triaxial tests on a 
kaolin at different temperatures in the range of 20°C to 90°C at low stress levels 
(less than 200 kPa), and observed that in normally consolidated state the shear 
strength and stiffness of the specimens, when sheared at 90°C, were higher than 
those of the same specimens at 20°C. But, whether or not this phenomenon would 
still remained at high stress levels was not addressed by the authors. Semchuk (Serif 
and Burrous, 1969) found practically no temperature influence on the undrained 
strength in triaxial tests for two Edmonton clays at temperatures of 1.7°C and 25°C. 
Wang et al (1990) carried out unconsolidated undrained triaxial compression tests on 
specimens of two clays, Kaolin and Bentonite, at temperatures ranging from room 
temperature, about 22°C, to 600°C, the specimens were moulded and heated in an 
electric furnace for 24 hours, then removed and placed in a desiccator for another 
24 hours to cool down before testing in a triaxial cell under a given confining 
pressure at room temperature; Wang et al observed that the compressive strength of 
Kaolin decreased as the temperature increased from 22°C to 100°C, then it gradually 
increased as the temperature increased from 100°C to 400°C; in contrast, the 
compressive strength of bentonite, which is mainly composed of montmorillonite, 
remained nearly constant as the temperature increased from 22°C to 500°C; 
suggesting that the relationship of compressive strength and temperature is dependent 
upon types of clay mineral.
It appears that there is no consistent pattern in the temperature effects on the 
undrained strength of normally consolidated soils. However, the temperature- 
induced loss in undrained shear strength in some tests can be related to changes in 
pore water pressure due to differences in the rates of thermal expansion of the pore 
water and soil particles (e.g. Mitchell and Campanella, 1968). Mitchell et al (1960) 
demonstrated that pore pressures in undrained triaxial specimens varied with
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temperature, and showed that an increase in temperature should cause an increase in 
pore pressure and hence a decrease in effective stress. Because strength is a function 
of the effective stresses, tests in which specimens are consolidated at one temperature 
and then heated and sheared under undrained conditions are unlikely to reveal useful 
information about the effects of temperature on strength as such.
For soil consolidated at different temperatures and then sheared isothermally 
(i.e. at the constant temperature) to failure, there appears to be a slight increase in 
undrained strength with temperature (e.g. Houston et al, 1985; and Laguros, 1969). 
Some typical results from their work are shown in Figures 2.5 and 2.6. It has been 
mentioned previously that increasing temperature is associated with volumetric 
compression which causes strength gain. Houston et al (1985) suggest that this can 
explain the slight increase in strength. However, effects of clay mineralogy and 
sample variability are also important (Laguros, 1969; Wang et al, 1990).
Very limited experimental results have been reported concerning the 
temperature effects on the drained strength of saturated clay. Hueckel and Baldi 
(1990) reported two triaxial drained compression tests on normally consolidated 
Pontida clay, a kaolintic silty clay, with one tested at room temperature and the other 
initially tested at room temperature to about 1/4 of its expected strength, then 
subjected to drained heating to about 100°C before it was loaded to failure at the 
constant elevated temperature; and four drained triaxial compression tests at either 
room temperature or 98°C on the same clay, but with initial OCR values of 5 and 
12.5. The results, in comparison with their corresponding results at room 
temperature, revealed that the peak strength was almost unaffected by the 
temperature for the normally consolidated specimen; and for the specimen at lower 
OCR; whereas a decrease in peak strength, about 18%, with the temperature increase 
was observed for the sample of higher OCR. For all the specimens, the ultimate 
strength was found to be unaffected by the temperature, suggesting that for the 
Pontida clay the critical state may not be sensitive to temperature (Hueckel et al,
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1990). However, Hueckel et al did not address in their report the thermal effect on 
the associated volumetric changes of the tested clay approaching the critical state (i.e. 
the temperature effect on the critical state in the e:lnp' space).
Studies of the effects of temperature on more fundamental strength parameters 
such as friction angle, <£', and critical state frictional parameter, M are very limited. 
Houston et al, 1985 found that 0 'peak values of the ocean sediments increased with 
temperature in the range of 4°C to 200°C. No experimental results for the 
temperature effects on the critical state parameter M are yet available. Some 
research workers such as Britto et al (1989), Hueckel et al (1990, 1992), Seneviratne 
et al (1993) assumed that the parameter M was an invariant in their analytical 
models; in contrast, Hueckel et al (1987) assumed that M was a parameter varying 
with temperature.
2.2.4 Temperature effects on other physical properties of soil 
2.2.4.1 Atterberg limits
Youssef et al (1961) found, from testing the samples of a compressed clay at 
different temperatures between 14° and 35°C, that both the liquid and plastic limits 
the clay decreased with increasing temperature. Laguros (1969) conducted tests on 
four clayey soils at temperatures ranging from 1.7°C to 40.6°C. The soils were 
comprised: Kaolinite, Illite, Montmorillonite, and a mixture of the last two minerals. 
The liquid limits (LL) responded similarly with the LL slightly decreasing with 
increases in temperature for all the soils except montmorillonite for which the LL 
decreased significantly from 80% to 56%. The plasticity index (Ip) of the Kaolinite 
slightly increased with increases in temperature whereas all the other soils gave 
decreasing Ip with increases in temperature. However, Wang et al (1990) found that 
the Atterberg limits of kaolinite and bentonite were constant over a large temperature 
range; for kaolinite from 20° to 400°C; and for bentonite from 20° to 500°C. At
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higher temperatures both soils gradually lost their plasticity.
2.2.4.2 Specific Gravity
The specific gravities (Gs) of kaolinite and bentonite clays were found to be 
insensitive to temperatures in the range between room temperature (about 21 °C) and 
400°C (Wang et al, 1990).
2.2.4.3 Permeability
As mentioned previously the changes in cv with changes in temperature can 
largely explained by the changes in the kinematic viscosity of the water which 
influences the soil permeability. However, direct measurements of the permeability 
at elevated temperature are rarely reported. Simon (1965) observed from 
consolidation tests at 6.5°C and 21°C on Oslo clay, a soft, normally consolidated, 
saturated, natural silty clay, that the permeability of the clay, which was derived 
from the measured values of mv and cv, decreased with decreases in temperature. 
Paaswell (1967) when performing consolidation tests on a derivative of shale pointed 
out that a temperature rise caused a marked change in strain in the consolidation 
process. Paaswell attributed the temperature-affected consolidation process of the 
soil to a situation where an increase in temperature would cause a decrease in 
viscosity of pore water which thus would make the soil mass become more 
permeable.
Another factor influencing the permeability is the absolute permeability which 
can be affected by changes in the physico-chemical properties of the soil. The 
effects of temperature on the absolute permeability will depend on the soil 
mineralogy and the pore water chemistry. For instance, using a set-up based on 
Darcy's law, Morini and Silva (1984) from permeability measurements of an ocean 
sediment found that the absolute permeability did not increase with temperatures
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ranging from 22°C to 220°C. Morini et al (1984) suggest that because the size of 
the double layer is small when the pore fluid is seawater, a change in the absolute 
permeability because of temperature effects on the double layer is, thus, also likely 
to be small. However, the appropriateness of this argument is, in general, uncertain.
Baldi et al (1988), from studying the effects of temperature on the water- 
mineral system in low-porosity clays, suggest that there is free and absorbed water 
in the soil pores. For the low porosity clays, most of the pore water is absorbed 
water which has characteristics distinct from the free water. It is suggested that the 
absorbed water does not expand as much with increasing temperature as the free 
water does. For consideration of free and absorbed water and the different effects 
of temperature on them Baldi et al (1988) provide an attractive explanation for the 
effects of temperature on permeability. However, data about the temperature effects 
on the absorbed water are rarely reported, and further research is required to validate 
this approach.
2.2.4.4 Stiffness
From the results of undrained triaxial tests mentioned previously, Houston et 
al (1985) found that the stiffness of normally consolidated samples of deep ocean 
illite increased as the temperature increased from 100°C to 200°C (Figure 2.4) for 
a given effective stress level. Hueckel and Baldi (1990) obtained similar results from 
tests (Hueckel and Baldi, 1990) referred to previously on normally consolidated 
Pontida clay as the temperature increased from 23°C to 100°C. But for 
overconsolidated Pontida clay the stiffness appears to reduce with increasing 
temperature. For an initial OCR of 5, the dilatancy observed in the room 
temperature test did not appear in the 98°C test, and for an OCR of 12.5, the 
softening in the room temperature test did not occur at higher temperature. This 
suggests that stiffness of the overconsolidated clay decreases with increasing 
temperature whereas for normally consolidated clay the stiffness tends to increase
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with increasing temperature.
2.2.5 Models for the thermomechanical behaviour of clayey soils
Campanella and Mitchell (1968) developed a stress-strain-temperature model 
to analyse the thermomechanical behaviour of saturated clay. The model was based 
on experimental results obtained from triaxial tests (Campanella, 1965) on remoulded 
illite specimens. It enabled prediction of the volume changes due to drained heating 
for a given stress level, and of the pore water pressure development due to undrained 
heating. However, to implement the model a st, the physico-chemical coefficient of 
structure-volume change caused by a change in temperature, is required. This is 
defined as follows:
AVSt
<V= A T
where Vm (total volume of soil mass) = Vw (volume of pore water) + Vs (volume 
of solid); AVst is the change in volume that results from a temperature induced 
change in interparticle forces because of reorientation or relative movement of soil 
grains; and AT is the temperature change (Campanella and Mitchell, 1968). But, 
acquisition of a st for a soil needs a lengthy and complicated testing-procedure, 
involving a drained test subjected to successive temperature cycles. Yet the value 
of a s, from one temperature cycle is not necessarily consistent with that from 
another, or from one test with that from another (Figure 2.7). This variability is 
partly because calibration of the equipment is not straightforward, partly because of 
the influence of sample variability, and partly because a st is a function of the stress 
level and stress history. Therefore, it makes the model complicated to use, and the 
results of analysis sometimes questionable (Campanella and Mitchell, 1968; Baldi et 
al, 1988).
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Houston et al (1987), proposed an analytical method which enabled 
predictions of soil behaviour in the course of thermally induced primary and 
secondary consolidations. The method has been extended to enable analysis of non- 
triaxial problems (Houston, 1987), and has given the predictions in reasonably good 
agreement with the experimental data. Houston's method was based on the 
assumptions that: (1) primary consolidation of soil solely resulted from dissipation 
of excess pore water pressure due to increased temperature, and (2) secondary 
consolidation was attributed to intrinsic soil properties and thermally induced changes 
in the physico-chemical behaviour of the soil.
However, with these assumptions, the model would be unsuitable for soils 
which do not creep very much after primary consolidation. Like Campanella and 
Mitchell's (1988) model, Houston’s is able to analyse the thermo-consolidation 
behaviour of saturated normally consolidated clay, but the model is unable to predict 
any changes in shear strength with temperature change.
Booker et al (1984, 1985), assuming saturated soil as a two-phase thermo­
elastic continuum, proposed an analytical method to investigate the thermo­
consolidation of saturated soils subjected to the impact of a heat source. The method 
is suitable for analysis of the behaviour of overconsolidated soil at small strains (i.e. 
at a state well below its yield surface), but would be unsuitable for problems 
involving large strains. Britto et al (1987, 1988) included thermo-elasticity in a 
finite element program which enabled numerical analysis of coupled consolidation 
and heat transfer problems. Like Campanella and Mitchell's (1968) model, the 
numerical model requires an appropriate value of otsl for the soil. However, it is 
well known that soil behaviour is stress-path dependent, and neither analytical 
solutions by the above mentioned authors nor numerical procedures using thermo­
elasticity can fully predict the stress-strain response at all temperatures.
Hueckel (1990) has proposed a stress-strain model for saturated clays. The
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model was developed by extending the Modified Cam-clay model proposed by 
Roscoe and Burland (1968) to account for some of the experimental observations of 
the thermo-elasto-plastic response of soil. This model was the first to enable 
predictions of the stress-strain behaviours of saturated clays loaded along different 
paths and with varying temperature. The model assumes that the shape of the yield 
surface is an ellipse whose size is a function of plastic volumetric strain and 
temperature. The model predicts reasonably well the thermomechanical behaviour 
of the studied clay (Hueckel and Baldi, 1990) during thermoplastic consolidation, 
undrained heating-cooling cycles and thermal ductilization of the clay in triaxial 
compression. However, the model could not explain the movement of the yield 
surface with drained cycles of heating and cooling observed in experiments. To use 
the model the critical state parameters, and a number of other parameters and 
coefficients which are related to changes in physico-chemical behaviour of the soil 
with temperature (Baldi et al, 1988) are required. This makes the model difficult to 
implement.
Seneviratne et al (1993) proposed an approach which is based on Booker and 
Sawidou’s work (1984, 1985) and on the concepts of the Cam-clay models for 
analysis of the thermomechanical behaviour of normally consolidated soil. The 
approach is simple to use. In addition to the conventional Cam-clay parameters, 
only three more parameters are required: c*w, ots, and 8. Where a w is the coefficient 
of thermal expansion of water, as is the coefficient of thermal expansion of solid 
mineral of soil, and B is the coefficient of effective thermal volume expansion of 
soil. B is defined as the difference in coefficient of thermal expansion between soil 
panicles and soil structure, B= a st + a s, and it appears to be a function of OCR 
(Seneviratne et al, 1993). The model can qualitatively predict many aspects of the 
behaviour of saturated clay subjected to thermomechanical loading. The model 
assumes that the critical state line shifts with temperature so as to keep constant its 
distance from the normal consolidation line which shifts with temperature in the 
e:lnp' space. This assumption needs to be justified by experimental data, and for at
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least some clays it is not the case (Hueckel and Baldi, 1990).
2.3 Summary
(1) An increase in temperature for a saturated clayey soil under a given load can 
be compared to the application of a temperature-induced (thermal) load on the 
soil. The soil subjected to this thermal load will consolidate towards a new 
stress-strain-temperature equilibrium. After heating, normally consolidated 
soils show stiffer stress-strain responses whereas overconsolidated soils are 
more ductile than before heating.
(2) Values of the coefficient of consolidation, cv, and permeability, k, of many 
clays change with changes in both temperature and effective stress. 
Nevertheless, their compression and swelling indices, Cc and Cs, show very 
little change with change in temperature or effective stress.
(3) Most of the experimental observations on secondary consolidation (or creep) 
of soil have shown that, no matter whether the creep is due to an isotropic 
load or a deviator load, the coefficient of creep, Ca, is temperature 
dependent. However, the creep behaviour of soil is not completely 
understood even at room temperature. To understand this mechanism, 
extensive knowledge is needed of the rheological behaviour, physico-chemical 
properties, thermo-mechanical behaviour, mineralogy as well as other 
fundamental behaviours of soil. Previous research has shown that clay 
mineralogy is an important factor influencing the temperature effect on the 
secondary consolidation for clayey soils, and that the organic content has no 
noticeable influence on the temperature effect.
(4) Little research has been done to investigate temperature effects on the 
strength of soils.
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(5) Numerical models have been proposed to predict coupled thermo­
consolidation and heat transfer problems in soil. The applicability of these 
models is uncertain because of the lack of experimental data concerning many 
aspects of soil behaviour at varying temperatures. The assumptions made in 
the models on the response of the soil parameters to change in temperature 
need more research.
2.4 Scope of work in this thesis
The literature review has revealed that the effects of temperature on the 
stress-strain behaviour of soil as well as on the soil properties (e.g. critical state soil 
parameters) are in need of more basic research. In the present research, a 
programme of temperature-controlled triaxial compression tests will be conducted on 
a saturated, remoulded, inorganic Kaolinite clay in order to acquire basic knowledge 
of thermomechanical stress-strain behaviour of soil. From tests at different 
temperatures thermal effects on the critical state parameters, and the stress-strain 
behaviour of the soil will be examined.
To achieve this a new apparatus has been designed and assembled. Attempts 
has been made to obtain direct strain-measurements at elevated temperatures. Tests 
have been performed at temperatures from 22°C to 100°C.
In Chapter 3, the results of a series of triaxial compression tests at room 
temperature are presented to give the consolidation and stress-strain behaviour at 
room temperature (about 22°C) of the soil used in this research. The formulation 
of a new expression for plastic strain ratio (d€p/des), based on a variable yield 
function, is also given in Chapter 3 to make a new revision to the Cam-clay model. 
The apparatus designed and assembled as well as the instruments installed for the 
high temperature tests are described in chapter 4. Results of the tests at elevated 
temperatures of 50°C and 100°C are presented in chapter 5. Also given in chapter
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5 are the soil parameters derived from the experimental data which are used for 
further analysis in chapter 6. The conclusions of this thesis are given in chapter 7.
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Clay Samples of LL=64, PL=38
Figure 2.1 Effect of Température on Coefficient of Consolidation 
(after Finn, 1951)
Figure 2.2 Effect of Temperature on Isotropic Consoildation Behaviour of 
Saturated lllite ( after Campanella and Mitchell, 1968)
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Figure 2.3 Influence of temperature on Consolidation of llllte 
(after Plum and Esrig, 1969)
Figure 2.4 Temperature Effect on Pressure Vs Void Ratio 
(after Plum and Esrig, 1969)
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consolidation pressure, Po -  98.1 kPa
Figure 2.5 Stress-Strain Behaviour of Undisturbed lllite at Various 
Temperatures (after Houston et al, 1985)
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CHAPTER 3
THE BEHAVIOUR OF THE CLAY AT ROOM 
TEMPERATURE
3.1 Introduction
The thermomechanical behaviour of soils has been investigated by carrying 
out triaxial tests on a selected clay. Tests of the selected clay have been 
conducted at different temperatures ranging from room temperature (about 22°C) 
to 100°C. This chapter details the triaxial compression tests that have been 
conducted at room temperature to determine the basic properties of the selected 
clay. Other triaxial tests have been carried out at elevated temperatures of 50°C 
and 100°C using a new apparatus, designed for this research work, which will be 
detailed in the next Chapter.
A series of drained and undrained triaxial compression tests have been 
carried out on remoulded specimens of two Kaolins in order to investigate their 
engineering properties. The reconstituted specimens have been isotropically 
normally consolidated or lightly overconsolidated to various states before testing. 
The observed test data are compared with the predictions from the Cam-clay 
models: Cam-clay (Schofield and Wroth, 1968), Modified Cam-clay (Roscoe and 
Burland, 1968), and a revised model. No model gives uniformly good 
predictions of the observed behaviour; the drained tests are in good agreement 
with the predictions from the Modified Cam-clay model at small strains, but at 
large strains both the drained and undrained tests approach the predictions of the
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Cam-Clay and revised models.
3.2 Material used
Two kaolins were investigated to determine their suitability for this 
research. These soils, designated Kaolin CIO and Kaolin C1C by their supplier, 
have been used in several research projects at Sydney University. Properties of 
these two materials, extracted from the supplier’s technical notes, are given in 
appendix 3.1. Kaolin C1C is finer than Kaolin CIO and has a corresponding 
greater plasticity.
A recent literature review (Seneviratne et al, 1992) has suggested that the 
thermomechanical behaviour of clays could be described by simple modifications 
to the Cam-clay models. In selecting a suitable clay, it was therefore considered 
desirable to have a soil which, at least at room temperature, would behave 
similarly to the predictions of the simple Cam-clay models (Schofield and Wroth, 
1968; Roscoe and Burland, 1968). Preliminary tests were performed to assess the 
behaviour of the two Kaolins.
Figure 3.1 shows a comparison of the behaviour of normally consolidated 
specimens of the two Kaolins from typical undrained tests. It can be seen in 
Figure 3.1(a) that Kaolin CIO has a much higher strength than Kaolin C1C, the 
friction angles were found to be < f > ' = 26.8° and <£’ = 20.6° respectively. The 
pore pressure response (Figure 3.1b) and the q-p' response (Figure 3.1c) show 
that Kaolin CIO tends to dilate at large strains whereas Kaolin C1C shows a more 
plastic response. Of the two soils only Kaolin CIC shows the type of behaviour 
predicted by the Cam-clay models and this soil was selected for the test 
programme described in this thesis. The properties of Kaolin CIO determined 
from these preliminary tests are summarized in Table 3.1.
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3.2.1 Specimen preparation
The triaxial specimens of Kaolin C1C were 38 mm in diameter, and had a 
ratio of height to diameter of about 2. In preparing the specimens, 140 gms of 
Kaolin C1C powder and 100 ml distilled-deaerated water were mixed thoroughly 
to form a slurry having a water content of 71.4%, which was 1.13 times the 
liquid limit. The mixture was then carefully placed in a 38 mm diameter brass 
mould taking care to prevent air being trapped in the specimen.
After being fully filled, the mould was capped with porous stones at both 
ends to prevent soil particles escaping during de-airing. The bottom porous stone 
was clamped to the mould, and at the top, a piece of perforated plastic-sheet (or a 
piece of cloth) clamped to the mould was used to retain the top porous stone in 
the mould. The specimen and mould were then totally immersed in a beaker of 
distilled-deaerated water and placed in a desiccator. The specimen was saturated 
with water by de-airing under a vacuum for more than 24 hours. This procedure 
also resulted in an effective consolidation pressure of about 100 kPa being exerted 
on the specimens. All specimens prepared in this manner had a high degree of 
saturation.
After de-airing, the specimens were compressed in the mould under a dead 
weight equivalent to a total axial pressure of 74 kPa. This procedure gave the 
specimens enough strength to be extruded from the mould and placed in the 
triaxial cell for testing.
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3 .3 . Test apparatus
3.3 .1  Description o f test apparatus
A number of isotropically consolidated drained and undrained triaxial 
compression tests and consolidated drained p'-constant tests were performed on 
Kaolin C1C specimens. The tests were performed using a computer-controlled 
triaxial system. The triaxial system consists of a hydraulic triaxial apparatus, 
which enables either stress-controlled or strain-controlled triaxial tests to be 
carried out (Menzies, 1988), and is controlled by a set of three pressure 
controllers linked to a personal computer. A diagrammatic layout of the system is 
shown in Figure 3.2(a) and a photograph of the equipment is shown in Figure 
3.2(b). The three pressure controllers are able to regulate pressure and volume 
changes of deaerated water supplied to different parts of the triaxial system: the 
lower chamber which is used to control axial stress or axial deformation, the back 
pressure and drainage system, and the triaxial cell. Pressure and volume changes 
can be controlled to resolutions of 1 kPa and 0.5 mm3 respectively. The control 
system is fully automated with continuous data logging during testing and thus 
requires little attention once the test path has been specified.
3 .3 .2  Calibration
3 .3 .2 .1  GDS Controllers
Two checks on the accuracy of the pressure readings of the pressure 
controllers have been performed: calibration of each individual controller against 
a dead-weight pressure calibrator, and cross-checking between the pressures 
indicated by the three controllers. The former indicated a maximum error of 4.1 
kPa over a range of applied pressures from 0 to 2000 kPa, while the latter 
recorded a maximum pressure difference of 3 kPa over a range of applied
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pressures from 0 to 1000 kPa. The results of the two checks indicated that all the 
controllers were in good condition and were able to provide data to an accuracy 
of ±4 kPa. To achieve this accuracy, it is essential to ensure, before a test is 
conducted, that all the pressure controllers refer to the same datum of pressure. 
The manufacturer quotes that measurements of volumetric change can be taken to 
an accuracy of ±0.25% of the measured values.
3.3.2.2 Ram friction of the triaxial system
The deviator load in the hydraulic triaxial apparatus is determined from the 
lower chamber pressure. The accuracy of the deviator load is affected by an 
apparent frictional force arising from the bearings and from the rolling of two 
bellofram seals.
This frictional force may be a source of error in the measurement of the 
deviator load and the magnitude of it was measured in each test. The deviator 
loads were automatically corrected for this frictional force. In general, this 
unavoidable friction-force was about 2 N which was equivalent to an axial stress 
difference of about 4 kPa for a 38 mm specimen. The apparent frictional stress 
was measured in each test before commencing the shear phase. If this stress 
exceeded 5 kPa, the apparatus would be dismantled for the bearings to be 
cleaned.
3.3.2.3 Measurement of axial strains
Axial strains were calculated from the volume of water pumped into the 
lower chamber as measured by a pressure controller. The compressibility, mv, of 
Kaolin CIC is in the order of 2 x 104 m2/kN (corresponding to Cc of 0.37 and 
P0' of 400 kPa) whereas the compressibilities of pore water, the lower chamber, 
and the tubing are 5 x 107 m2/kN (Bishop and Henkel, 1962), 1.4 x 107 m2/kN
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(Galambos et al, 1993), and about 3 x 107 m2/kN respectively. It can be seen 
that errors from the compressibility of water and because of compliance of the 
apparatus should be very small. A comparison of the axial displacements 
measured by a calibrated LVDT and those computed from the volume change of 
water in the lower chamber was carried out by Huang (1994). The comparison 
indicated that there was negligible difference between the two measurements for 
water pressures in the lower chamber less than 800 kPa, and a difference of 
0.088mm (or 0.12% axial strain for a specimen of 76mm high) between the two 
measurements as the lower chamber pressure was increased from 800 kPa to 1000 
kPa. No correction has, therefore, been made for compliance errors on the 
measurements of the axial and volumetric strains.
3.4. Test procedure
3.4.1 Saturation of specimens in the triaxial cell
Saturation of specimens is necessary to provide reliable measurements of 
pore pressure and volume change during testing. Elevated back pressures were 
used to ensure that the triaxial specimens were saturated (Lee and Black, 1972; 
Black and Lee, 1973). All specimens were initially subjected to a cell pressure of 
280 kPa and a back pressure of 200 kPa. These were employed for the following 
reasons: the maximum cell pressure is limited to 1200 kPa, and to achieve the 
desired maximum effective cell pressure of 1000 kPa, the back pressure cannot 
exceed 200 kPa; a back pressure of 200 kPa has been found to be high enough to 
dissolve most of the air remaining in the voids (Bishop and Henkel, 1962) for soft 
clays provided the soil has a high initial degree of saturation, and provided 
slightly less than 100% saturation in soil specimens under testing is permitted 
(Black and Lee, 1973).
In the present programme, all the specimens were typically left overnight
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in the triaxial cell until a B-value greater than 0.96 was obtained. B-values of 
0.99 were measured in some cases. The B-values measured for all the specimens 
are given in Table 3.2.
3.4.2 Isotropic compression
All the specimens were subjected to isotropic compression to various states 
before they were sheared under drained or undrained conditions. The pressures 
employed for isotropic compression, the specific volumes of the specimens after 
compression, and the methods of consolidation are all summarized in Table 3.2. 
Three methods were employed to compress the specimens isotropically. The 
desired isotropic pressures were applied to the specimens either in one or several 
stages, or by varying the cell pressure at a constant rate.
Different rates and methods of loading were employed in isotropic 
compression to examine the sensitivity of the compression response to these 
variations.
3.4.3 Undrained and drained triaxial compression
The undrained and drained triaxial compression tests consisted of standard 
strain-rate controlled tests and p'-constant tests (stress-path controlled). The 
typical shearing rates used were «1 .8  mm/hr and «0.18 mm/hr for undrained 
and drained conditions respectively. The strain-rates adopted were based on (he 
measured cv values of Kaolin C1C, following the recommendations of Bishop and 
Henkel, 1962.
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3.5 Test results
3.5.1 Isotropic compression
The results observed in isotropic compression are shown in Figure 3.3, a 
plot of specific volume (v) against effective confining pressure (p'). The curves 
and points shown in Figure 3.3 represent the equilibrium states of the specimens. 
The specific volumes of the specimens were calculated from the moisture contents 
of the specimens measured at the end of the tests. As can be seen in Figure 3.3, 
they all lie in a narrow band suggesting that the method of specimen preparation 
was reasonably repeatable. However, there is considerable scatter with the 
vertical height of the band, Av = 0.073 which is equivalent to a difference in 
water content, Aw, of 2.78%. The scatter could in part be caused by the 
different rates and number of steps used during isotropic compression (see Table 
3.2). The moisture content measurements could also have been slightly affected 
by water sucked out from the porous stones by the specimens during release of 
the cell pressure at the end of the tests.
A best-fit line drawn through the data in Figure 3.3 gives the isotropic 
consolidation line (INCL) for Kaolin C1C. Inspection of Figure 3.3 suggests that 
the slope, X, of the estimated INCL varies in the range from 0.14 to 0.18, with 
an average value of 0.16 (Cc=0.37). The equation of the INCL, in v: Ln(p') 
space, can be expressed as follows:
v=vo-Xln (p')
where v and v0 are specific volumes corresponding to mean effective pressures p’ 
and p' = l kPa respectively. Extrapolation of the best-fit line from Figure 3.3 
gives v0 = 3.06. It is interesting to note that the paths of those specimens 
consolidated under p' increasing at different constant rates (see Table 3.2) give
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greater slopes than the estimated INCL does. The slopes of the consolidation 
paths from the tests with p' increasing at a constant rate (0.22kPa/min: an 
increase of 800 kPa in 60 hours) give values of X  greater than the average value 
given above. This may be due to the longer consolidation times which allow 
more creep to occur than for the specimens subjected to stepwise loading, and 
initially the rate may have been too high to keep excess pore pressures close to 
zero. The swelling line suggests a swelling index (k ) of 0.044 (Cs= 0.102). The 
compressibility of Kaolin C1C is slightly affected by the rates and methods of 
loading used in isotropic compression. The volumetric creep behaviour can be 
described using the coefficient of creep, Ca, which is defined as the ratio of the 
change of specific volume, v, to logarithm of time, log(t), and is given by:
v=vi-C el°g ( j )
‘l
where t, is a reference time and v, a reference value of specific volume (Wood, 
1990). For normally consolidated samples, a value of C„=0.006 was measured 
which was independent of the stress level. The ratio of Ca to Cc was found to be 
0.02, lower than for most natural inorganic soils (Mesri and Godlewski, 1977). 
Thus, for Kaolin C1C the effects of creep can be expected to be small, relative to 
other clayey soils.
3.5.2 Drained tests
Typical results obtained from standard drained tests and drained p'- 
constant tests are shown in Figures 3.4 and 3.5, and are summarized in Table 
3.3. rrhe results presented in these figures have been slightly corrected to allow 
for seating error. A typical correction for seating error is shown in the insertion 
in Figure 3.4. In the standard tests, the specimens all failed with the formation 
of rupture bands at axial strains greater than 15% accompanied by volumetric
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strains ranging from 5.5% to 6.5%. In the p'-constant tests, failure of the 
specimens occurred at axial strains of about 12.5% accompanied by volumetric 
strains of about 3.5%. To enable comparison between the tests, the stress-strain 
curves in Figure 3.4 have been normalized by the consolidation pressure, pc'. It 
was expected that the normally consolidated samples would show similar 
normalized responses, however, Figure 3.4 suggests that the stress level 
influences the responses. As the confining stress increases, there is a trend to 
lower normalized deviator stresses. A similar stress level dependency is evident 
in the volumetric responses, however, this would be predicted by critical state soil 
models. This is because for a given change in specific volume a specimen at a 
higher stress, and therefore a lower specific volume, will have a higher 
volumetric strain. The volumetric strain for test RTCD5B not shown does not 
agree with this trend, but in this test, the sample tilted significantly and this may 
have affected the results. The two p' constant tests show lower normalized 
deviator stresses and volumetric strains as expected.
3.5.3 Undrained tests
Typical results from the undrained tests are summarized in Table 3.4, and 
are shown in Figures 3.6 (a), (b) and (c) for specimens with OCRs of 1, 1.25, 
and 1.75. The stiffness and the shear strength of Kaolin C1C increase with OCR 
as expected. Shown in Figure 3.7 are the normalized stress-strain responses of 
the normally consolidated samples in undrained tests where the samples were 
subjected to different initial consolidated pressures of 400 kPa and 650 kPa, and 
then sheared to failure with the cell pressures held constant under undrained 
conditions. Unlike the drained strain response shown in the above-mentioned 
Figure 3.4, the stress level dependence of the undrained shear strength response 
(Figure 3.7) is not distinct. Perhaps, it might have been because the small stress- 
level difference between the two tests.
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In the undrained tests, failure occurred with the formation of rupture 
planes and subsequent softening. The specimens failed at axial strains ranging 
from 9% to 13.4%. The ratios of (Au/Aea) and (q/p')f at failure are given in 
Table 3.4, where (Au/Aea) is the ratio of change in pore water pressure to axial 
strain increment, and (q/p')f is the stress ratio at failure. It was expected that 
(q/p')f would increase with decreasing (Au/Aea), and that (q/p')f would reach an 
ultimate value as (Au/Aea) approached zero (Schofield and Wroth, 1968). But, 
inspection of Table 3.4 reveals that the observed values of (Au/Aea) and (q/p')f do 
not follow any obvious trend.
3 .6  Analysis o f the results o f the drained and undrained tests
3 .6 .1  General
In most of the tests described below, failure occurred with the 
development of rupture planes and subsequent softening. In the data presented, 
the post failure response has been omitted as it is not considered to be 
representative of the material response.
3 .6 .2  Failure stresses and strains
The stresses and strains at failure for all the specimens are shown in Table 
3.3 for the drained tests, and in Table 3.4 for the undrained tests. It is often in 
doubt whether, at failure, a specimen is at its ultimate state or not. It has been 
suggested that the ultimate state can be identified by examining the relationship 
between the incremental plastic strain-ratio and the stress-ratio at failure 
(Schofield and Wroth, 1968).
The plastic strain ratios (Aevp/Aes) and stress ratios (q/p')f of the specimens 
at failure have been determined, and are shown in Figure 3.8 for both drained
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and undrained tests. The plastic strain ratio is defined herein as the ratio of 
plastic-volumetric strain increment (Aevp) to the shear strain increment (Aes). The 
shear strain increment Aes is calculated from Aes =  Aea - Aev/3. Where Aea is the 
observed axial strain increment. In a drained test, Aevp is taken as the difference 
between the total observed volumetric strain increment (Aev) and the calculated 
elastic volumetric strain increment (Aeve) (i.e. Aevp = Aev - Aevc). Where Aeve is 
determined from the following expression:
6e =ve
K
1+e
where k is the slope of the swelling line, 5p' is the mean pressure increment for a 
mean pressure,p', and void ratio e. In an undrained test, the total volume of the 
specimen remains constant, and the plastic and elastic volumetric strain 
increments will be identical in magnitude but opposite in sign (i.e. Aevp =  - Aeve), 
and Aes = Aea (Atkinson and Bransby, 1978). It can be seen in Figure 3.8 that 
there is a trend for (q/p')f to increase as (Aevp/Aes) decreases, and linear regression 
gives (q/p')f *  0.8 when the value of (Aevp/Aes) = 0. Figure 3.8 also indicates 
that several tests were some distance from their ultimate states when failure 
occurred.
The mean effective stress (p') and the corresponding specific volume (v) 
of each of the specimens at failure is shown, in the v:ln(p') space, in Figure 3.9. 
The failure points plotted in Figure 3.9 have been slightly adjusted to reduce 
experimental scatter. The specific volumes of the normally consolidated 
specimens were all adjusted to be on the best fit INCL (Figure 3.3) at room 
temperature (hereafter referred to as the RTINCL) before commencing the 
shearing phase of the tests. For several tests failure occurred before the 
specimens reached their ultimate state, as discussed above, and for those tests that 
were furthest from an ultimate state, arrows showing their directions at failure are
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indicated on Figure 3.9. The line drawn in Figure 3.9 is the estimated critical 
state line (RTCSL) for Kaolin C1C at room temperature. It appears to be parallel 
to the RTINCL having a slope, k =0.16. The vertical separation between the 
RTCSL and RTINCL is Av = 0.12 which is equivalent to a difference in water 
content of Aw = 4.66%. The stresses at failure for all the tests are shown, in 
q:p' space, in Figure 3.10. An estimate of the ultimate stress ratio (q/p')f =0.8 
was obtained from Figure 3.8. This ratio is shown in Figure 3.10. Again, if 
those specimens that appear to be furthest from the ultimate state, indicated by the 
arrows, are discounted, an ultimate stress ratio of 0.8 looks reasonable. It is 
clear from Figure 3.10 that increasing stress level leads to failures occurring 
further from the critical state. The reason for this is uncertain but it could be 
related to non-uniform deformation occurring during consolidation.
3 .6 .3  Critical state parameters from the tests
The experimental data for Kaolin C1C support the existence of a critical 
state line given by
q=Mp'
v=T-A.ln(p/)
with parameters M = 0.8, k = 0.16, T = 2.94; where T is the specific volume 
corresponding to p' = 1 kPa on the room temperature critical state line (RTCSL). 
To predict soil behaviour with the Cam-clay models, values of k , the slope of the 
swelling lines, and either G, the shear modulus, or p \  Poisson's ratio are 
required.
A value of 0.044 was determined for k from the consolidation phase of
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the tests. A value of Poisson's ratio of 0.3 was estimated from the standard 
drained tests. The relationship between Poisson’s ratio, p , the volumetric strain 
increment, Aev, and the axial strain increment, Aea, is:
, 1 Aev
| i = - ( l --------- - )
2 Ae_
Poisson's ratio values were determined from the slope of Aev versus Aea plot at the 
commencement of shearing, where the volume-change curve might be interpreted 
as the elastic response of the soil to the stress change (Wood, 1990)
Experimental evidence has shown that G is not a constant and varies with 
stress level. It is therefore usually more convenient to specify a value of p with 
which G can be expressed as a function of mean effective stress, p'(Wood, 1990).
The shear modulus G is defined here as one third of the slope of the 
stress-strain curve at the origin in the q: es space, that is the initial tangent 
modulus, and G50 is the secant shear modulus taken at 50% of shear strength. 
The values of G and G50 obtained from the tests performed on the normally 
consolidated specimens are given in Table 3.5. The values show that the shear 
moduli, G and G50, increase with the initial consolidation pressure, pc'. It is 
customary, in engineering practice, to normalize the values of G (or G50), from 
undrained triaxial tests, by their corresponding values of pc'(or Cu for undrained 
conditions). Wroth et al (1979) suggest that for a given normally consolidated 
soil the value of G50/pc\  from undrained tests, is considered to be constant.
The average value of G/pc' of Kaolin C1C from undrained tests is 24.2 in 
a band of values from 18.5 to 26.7; the average Gso/pc’ ratio is 15 in a band of 
values from 9.03 to 18.5 indicating a trend of decreasing with increasing stress. 
From undrained test results, the average value of G50/Cu is 57.09, which is 
comparable with the typical values, being around 50, for lightly overconsolidated
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clays (Wroth et al 1979). In contrast, from drained tests the average G/pc' ratio 
is 25.3 (in a band of values from 17.8 to 34.2), with the average G50/po' ratio 
being a value of 5.1 in a band of values from 4.3 to 6.
It can be seen from above that the average values of G/pc’ ratio from both 
the drained and undrained tests are about the same because the drained and 
undrained values of elastic shear modulus are considered to be identical. 
However, the average G50/pc’ ratio is lower for the drained specimens than for the 
undrained specimens, it may have been because, compared with the undrained 
specimens, the drained specimens are more ductile.
3.7 Comparison of experimental data with the predictions of the Cam-
clay models
Attempts have been made using different Cam-clay type models to predict 
the stress-strain behaviour of Kaolin C1C at room temperature. The models that 
have been used are the Cam-clay model (Schofield and Wroth, 1968), the 
Modified Cam-clay model (Roscoe and Burland, 1968), and a revised Cam-clay 
model which is discussed in appendix 3.2. The predictions from these models 
have been compared with the experimental data from the drained and undrained 
triaxial tests.
The revised Cam-clay model has been investigated because it allows 
variations in the vertical separation between the INCL and CSL lines, in contrast 
to the Cam-clay and Modified Cam-clay models where the separation is fixed. A 
similar approach has been adopted by several investigators (e.g. Wei, 1964; 
Shin, 1986; Kutter et al, 1992).
For normally consolidated samples, the only difference between the 
revised Cam-clay and the Modified Cam-clay is that the vertical separation
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between the INCL and CSL, in v:ln(p’) space, of the former is obtained from 
direct measurement, while, in the latter, it is assumed to be constant and given by 
(X - K)ln2.
3.7 .1  The observed data and the state boundary surface o f Kaolin C1C
Typical experimental data from the drained and undrained triaxial 
compression tests, in (q/pef: p7pe') space, are compared with the model 
predictions in Figures 3.11 and 3.12. The equivalent pressure, pe’, represents the 
pressure corresponding to the current specific volume, v, on the virgin isotropic 
consolidation line, i.e. the INCL. Also shown on these figures is the critical 
(ultimate) state point C' estimated from the critical state parameters determined 
above.
It can be seen in Figure 3.11 that the typical drained path is in reasonable 
agreement with the prediction of the Modified Cam-clay model at the start, but it 
diverges towards the estimated critical state point 'C ' at large strains. The Cam- 
clay and revised Cam-clay predict well the estimated ultimate state of the soil, but 
they do not otherwise give good predictions of the drained behaviour.
The typical undrained path, shown in Figure 3.12, lies between the 
predictions of the Modified and revised Cam-clay models (i.e. paths 1 and 3 in 
the figure). None of the models predicts closely the undrained response.
Comparison of the normalized paths of the drained and undrained tests in 
Figures 3.11 and 3.12 shows that the undrained response lies below the drained 
response. Obviously, this non-uniqueness of the drained and undrained paths 
could not be predicted by any of the simple Cam-clay models.
In Figure 3.13 the relations between normalized deviator stress (q/p'e) and
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shear strain (es) from drained and undrained tests are compared with the 
predictions from the Cam-clay models. It can be seen that the stress, strain paths 
from the drained and undrained tests lie close to each other and to the predictions 
of the Modified Cam-clay model at small strains. However, Modified Cam-clay 
does not appear to predict correctly the position of the critical state line and as 
samples approach their ultimate states, at large strains, the responses diverge from 
the Modified Cam-clay prediction.
3.7.2 Discussion
The state paths for the undrained tests have been observed to lie below 
those for the drained tests in q/pe’:p7pc' space. Similar findings have also been 
reported by Atkinson and Sallfors (1991) for an anisotropic kaolinite clay and a 
carbonate sand, by Gens and Potts (1982) for a low plasticity clay, and by 
Balasubramaniam (1974) for a saturated kaolinite. For a variety of soils it does 
not appear to be appropriate to assume that the undrained stress paths follow the 
state boundary surface in the q/pe’:p7pe' space. Consequently, it can be expected 
that simple Cam-clay type models will not in general be able to predict accurately 
the behaviour of normally consolidated soils.
It was intended to select a clay which behaved similarly to one of the 
Cam-clay family of models at room temperature which would then allow 
assessment of the thermomechanical model proposed by Seneviratne et al (1993). 
Attempts to obtain better agreement between the models and experiment were 
investigated by allowing non-associated flow. While this approach led to better 
agreement, it could not predict the difference between the drained and undrained 
tests, and the results are not reported here. It was decided to investigate the 
effects of temperature before trying to refine further the model.
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3.8 Summary
Drained and undrained triaxial compression tests and index tests conducted 
in the present programme have produced data for the engineering properties and 
characteristics for two Kaolinite soils. These data were obtained from the tests 
carried out at room temperature, about 22°C. The engineering properties and 
characteristics of Kaolin C1C, and of Kaolin CIO are given in Table 3.1.
The general findings concerning the stress, strain behaviour of Kaolin C1C
are:
(1) The Modified Cam-clay model can provide reasonable predictions of the 
general stress, strain behaviour of the soil at small to medium strains, but 
it tends to underestimate the volume changes or pore pressures at large 
strains.
(2) The Cam-clay model as well as the revised Cam-clay model can not 
predict the general stress, strain behaviour of the soil at small to medium 
strains, but they can provide a reasonable estimation to the behaviour at 
the ultimate state.
(3) The undrained state paths lay clearly below the drained state paths. None 
of the Cam-Clay models could predict this phenomenon.
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Table 3.2  The pressures for isotropic compression and specific volumes
specimen Pc' v0 OCR B-value time rate
RTCU2 200 2.1266 1 0.96 46 hrs
RTCU1 200 2.1589 - 0.95 47 hrs
RTCU1 400 2.0488 1 - 46 hrs
RTCD1 200 2.165 1 0.98 118 hrs
RTCU3 400 2.0423 - 0.96 56 hrs
RTCU3 650 1.9677 1 - 37 hrs
RTICR2 1000 1.9269 - 0.97 143 hrs
RTICR2 300 1.985 - - 48 hrs
RTICR2 1000 1.9011 1 - 72 hrs
RTCD3 400 2.0792 1 0.99 24 hrs
RTCD4 200 2.2419 - 0.96 29 hrs
RTCD4 400 2.1225 - - 39 hrs
RTCD4 650 2.0321 1 - 49 hrs
RTCD5B 1000 1.9422 1 0.99 29 hrs
RTCP1A 650 1.9875 1 0.96 30 hrs
1CP1 1000 1.9213 - 0.99 13 kPa/hr
ICP1 800 1.9222 1.25 - 4.2 kPa/hr
ICP2 1000 1.9485 - 0.96 12 kPa/hr
ICP2 571.4 1.9655 1.75 - 8.4 kPa/hr
1CP3 1000 1.924 - 0.96 30.7 kPa/hr
ICP3 90 2.0224 11.1 - 30 kPa/hr
ICP5 400 20.9 1 0.96 12 kPa/hr
RTCP2A 1000 1.97 1 0.96 30 hrs
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Typical results of consolidated undrained compression 
test on the two Kaolins
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DATA SHEET
Typical chem ical 
analysis: (wt. %)
K aolin CIO K aolin C1C
SiO , 47 .4 51 .0
A1?Q , 36.2 33 .8
Fe?Oi 0 .9 0 .7
N a70 0 .18 N /A
K ,0 2.75 0.3
CaO 0.10 0.2
M gO 0.35 0.5
T i0 7 1.2 0 .8
L .O .I. 11.4 13.4
M n <  0.002% N /A
Typical physical 
properties:
Specific gravity 2 .6 2 .6
Bulk density 0 .65  g/cm 3 N /A
Oil absorption 4 .8  m l/10g 5.5  m l/lO g
W ater absorption 4 .3  m l/10g 4.5  m l/lO g
M oisture N /A m ax. 1.5%
pH 7.5 7.5
C olour w hite N /A
Reflectance 8.5 N /A
Fired colour w hite N /A
Typical particles size 
characteristics: Kaolin CIO K aolin C1C
on 150 i l  sieve max. 0 .1% Nil
on 75 u  sieve max. 1.0% m ax. 0 .1%
on 53 n  sieve max. 2.0% max. 1.0%
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Appendix 3.2
Derivation of an elasto-plastic model based on Modified Cam- 
clay theory
Introduction
An elasto-plastic model for normally consolidated clay is derived based on 
the Modified Cam-clay theory (Roscoe and Burland, 1968). It is assumed that the 
yield surface of the model in p': q space is an ellipse as assumed by the Modified 
Cam-clay model; however, it differs from Modified Cam-clay in allowing a 
variable separation between the critical state line (CSL) and isotropic normal 
consolidation line (INCL). The ellipse of the proposed model is not forced to 
start from the origin. The relationship between pcs and p0', (see Figure app3.2.1) 
is not prescribed, and can be determined from direct measurement of the 
separation between the INCL and CSL of the soil estimated from triaxial tests. It 
is also assumed in the proposed model that the family of yield surfaces is 
associative with its plastic potential, that is an associated flow rule is assumed.
Derivation of the model
Standard expression for the plastic volumetric strain increment, depv, as 
introduced by Modified Cam-clay model (Roscoe and Burland, 1968) is as 
follows:
d€r=Vz*>{dP+J lL) (i)
v p i|r + r|
where r\ is the stress ratio of q/p’, i|r is a negative value of the ratio of stress 
increment, -dq/dp' (Wood, 1990).
It can be seen from the above equation (1) that i|r is a variable which
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governs the shape of the yield surface. A number of yield functions have been 
attempted by different investigators: Schofield and Wroth (1968); Roscoe and 
Burland (1968); Wei (1964); Kutter and Sathialingam (1992).
In derivation for the proposed model, Wei’s concept (1964) is adopted to 
express the yield locus of clay as an ellipse; similar assumption for the yield locus 
of clay was also made by Shin (1986)in his double surface model; and Kutter and 
Sathialingam (1992) in their model for elastic-viscoplastic and rate-dependent soil. 
In the proposed model, the ellipse may have its centre on p' axis at a point of 
ap0', where a is the ratio of pcs- mean effective stress at critical state- to p0’- 
mean effective stress on INCL as shown in Figure app3.2.1 (a); the ratio, a , is 
determined from direct measurement of the separation, along the unloading­
reloading line, between the INCL and CSL of the soil as shown in Figure 
app3.2.1 (c).
Yield surface
It is assumed that the yield surface is an ellipse whose size is determined 
by the current stress state, p0’, of soil on INCL.
The general expression for an ellipse in p': q space is as follows:
(P-«pf | q2 _] 
(1 - a f p l  {a-Mpf
(2)
rearranging (2), we get
q2 = \p2J \  - a?-<p-ap )1 \
( 1 - a ) 2
(3)
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differentiating (3) with respect to p, we get
tfy (aM)1 p <*Pp
dp (1 - a )2 q q
It can be seen in Figure app3.2.1 (c) that for a given stress probe on the 
yield surface the tip of the ellipse is at p0 which can be expressed as what follow:
lnp-lnP„
v^N -X inp0
v-N+ Xlnpo= -xln/?+Kln/?o
lnp»=
N-v-Kh\p 
A.—K
-  P0N-v-vXnp
A - k
) (5)
Determination of the parameter a  of Kaolin C1C from triaxial tests data
Cam-clay parameters of Kaolin C1C from the triaxial tests conducted at 
room temperature are as follows:
N = 3.06, T = 2.94, X = 0.16, k = 0.044 
where N, T are the specific volumes of the reference points, corresponding to p'
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= 1 kPa, on INCL and on CSL respectively; A. is slope of the INCL, k is slope 
of the unloading-reloading line as shown in Figure app3.2.1 (c)
For a Kaolin C1C specimen normally consolidated by an isotropic 
pressure, p0, its specific volumes on both INCL and CSL can be determined from 
the following expressions:
On INCL:
vo=N-\lnpo
..^=3.06-0.1611)^
On CSL:
vcs=r-lltv)„
v„=2 94-0.161npcj
On unloading-reloading line (i.e. swelling line):
P c s A n P o
From the above three equations combined together, and with a  denoted as 
the ratio of pcs to p0, it follows:
N -r=(A-K) lna
For most soils, Kutter and Sathialingam (1992) suggest that the values of 
the shape parameter R which is equal to 1/a be often in the range of 2 to 3, or
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=» a =— =0.355
P a
the corresponding values of ot in the range of 0.5 to 0.33 respectively.
Verification checks the correctness of the derivation. With a assumed to 
be 0.5 in addition to the Cam-clay parameters given above, both the Modified 
Cam-clay model and the proposed model should bring forth identical predictions 
to the behaviour of Kaolin C1C. The predictions from the Cam-clay models are 
shown in Figures app3.2.2 and app3.2.3. The predictions were made using the 
Cam-clay, Modified Cam-clay, and the proposed model: revised Modified Cam- 
clay (RMC); for the last model used, different values of a have been attempted: 
a=0.355 from the triaxial tests conducted in this research work, a=0.5  assumed 
by the Modified Cam-clay model. It can be seen in the figures that the prediction 
from the Modified Cam-clay model is identical to that from the RMC with 
a=0.5.
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Comparison of Cam-clay models:
at 22°C
Figure app3.2.2
at 22° C
Figure app3.2.3
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CHAPTER 4
DESIGN OF THE HIGH TEMPERATURE TRIAXIAL 
APPARATUS(HTTA)
4.1. Introduction
The purpose of the laboratory testing programme has been to investigate the 
thermomechanical behaviour of a normally consolidated clay, Kaolin C1C. To this 
end a high temperature triaxial apparatus (HTTA) has been made, which has enabled 
triaxial tests to be carried out at temperature up to 100°C, and at maximum cell 
pressure up to 4.5 MPa. Initially, the HTTA was designed for a maximum testing 
temperature of 200°C, but it was not possible to perform tests at this temperature 
because the internal measurement devices and rubber membrane were limited to 
150°C and 100°C respectively. The temperature limitation of butyl-rubber 
membranes governed the maximum testing temperature. The design, manufacture, 
and assembly of the HTTA was carried out at the University of Sydney. The tests 
were all conducted in a temperature-controlled laboratory maintained at 22° ±  2°C.
This chapter details the features of the apparatus and the devices employed 
in monitoring the response of soil during testing. The experimental procedure for 
setting up and testing the specimens is also described.
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4.2 Description of the HTTA 
4.2.1 General layout
Figures 4.1 and 4.2 show the general layout of the HTTA. The HTTA 
consists of the following three parts: a main frame, a pressure supply unit, and an 
automated data acquisition system.
The main frame consists of a 50 kN loading frame (LF), a temperature- 
controlled oven (TS), and a triaxial cell (CS) placed inside the oven. The loading 
frame is driven by an electric motor associated with a set of gears, which enable the 
platform (P) of the loading frame to rise at different constant rates ranging from 
0.001 mm/min to 5.999 mm/min. The oven is equipped with a thermocouple 
hanging inside it, and the thermocouple is in turn connected to a remote control unit 
(CB) which is able to maintain a desired oven-temperature to an accuracy of 
±0 .5°C. A proving ring (LC) is hung beneath the cross-head beam of the loading 
frame to measure the deviator load on the specimen.
The pressure supply unit consists of two pressure controllers, one is connected 
to the pore water line and the other is connected to the cell water line. As can be 
seen in Figure 4.1, a water-cooling tank is placed between the triaxial cell and the 
pressure controllers, and (he water lines are submerged in the cooling water. Four 
thermocouples (TC) are installed at the junctions on either side of the tank so that 
variations of water temperature in the lines can be observed.
The HTTA is partly controlled from a personal computer which also provides 
automated data acquisition. An existing computer program, developed at Sydney 
University, has been modified to allow strain-rate-control led triaxial tests to be 
conducted at elevated temperatures. Data acquisition is achieved using a digital 
voltmeter and a data control unit both connected to the computer via an IEEE bus.
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4.2.2 Triaxiai cell
The triaxiai cell of the HTTA was made of mild steel and then plated with 
zinc in order to resist corrosion. The following requirements were considered in the 
design of the HTTA to determine the dimensions of the cell:
(1) specimens were to be 50 mm in diameter by 100 mm high;
(2) maximum cell pressure was to be 4.5 MPa to account for a maximum 
effective pressure of l MPa, a minimum ambient pressure of 1.6 MPa to 
prevent water boiling at 200°C, and a factor of safety greater than 1.5;
(3) it should be spacious enough to allow for the installation of electronic 
measuring devices including 3 thermocouples, 4 proximity gauges, 1 internal 
load cell, and a ceramic stand for the proximity gauges;
(4) clearance between the columns of the loading frame was limited to 410 mm;
(5) the oven walls had a minimum thickness of 50 mm.
These considerations led to a triaxiai cell being constructed with the following 
dimensions:
Internal diameter 150 mm
Wall thickness 11 mm
Total Cell height 250 mm
Top plate 15 mm
Bottom plate 25 mm
The end plates and the cell wall were held together by 6 4>12 mm bolts. 
Figure 4.3 shows the general layout of the HTTA cell. Stainless-steel water taps 
were employed and installed at the edge of the bottom plate of the cell to minimize 
the volume change in the system during undrained heating. Viton O-rings have been 
used to seal the triaxiai cell, and to clamp the membrane onto the end platens. 
Butyl-rubber membranes were employed to separate the specimens from the cell
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water. Butyl-rubber has been selected because it is soft, stretchy, flexible, 
impermeable, and heat-resistant (to about 110°C), but its limitation is that it starts 
to deteriorate after it has been heated in hot water for a few hours at 125°C.
4 .2 .3  Loading system
A specimen in the triaxial cell is loaded by relative movement of the ram and 
the cell. The load is measured externally from a proving ring. Axial deformation 
of the specimen has been measured both externally and internally. The external 
measurement is obtained from a linear variable potentiometric transformer (LVPT). 
The LVPT measures displacements between the top of the oven and the cross-head 
beam of the loading frame.
4 .2 .4  Temperature-controlled oven
An important part of the HTTA is the temperature-controlled oven. The 
design of the oven was based on the following conditions:
(1) it had to house the triaxial cell and to allow hot air to circulate freely within 
it;
(2) it had to fit in between the two columns of the loading frame;
(3) a minimum wall thickness of 50 mm was required for insulation;
(4) it had to provide temperatures in the range from ambient to 200°C, and it 
should be able to maintain a desired temperature to an accuracy of ± 0 .5°C. 
To achieve these requirements, the oven was provided with a 1000 W coiled 
heater, a fan standing in front of the heater, and a thermocouple linked to a 
remote-control unit.
(5) it needed port holes through its sides and ceiling to provide access for water 
lines, wires, and for the loading ram.
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Figure 4.4 shows profiles of the oven seen from different views. Because it 
was considered that uniform circulation of hot air would be an important factor that 
might dominate the uniformity of temperature within the oven, as well as that of the 
cell water and the specimen, a fan heater was employed in the design. In addition 
air ducts, laid out across the ceiling and along the sides of the oven, were provided 
in order to allow hot air to flow into the front part of the oven. This arrangement 
was found to be successful in removing cold spots from the front of the triaxial cell 
and to provide reasonably uniform temperature. The system was checked for 
temperature variations within the oven, at different levels in the cell water, and at 
different junctions in the water lines. Without the cell in the oven three 
thermocouples were placed at different locations, and for a mean temperature of 
150°C, were within ±  1.5°C of this mean temperature. Although the air temperature 
distribution inside the oven was found to be reasonably uniform, heat radiation from 
the rigid base of the oven was much greater than from the sides and top where 
rockwool insulation material had been placed between the oven walls. With the 
triaxial cell in the oven and the cell filled with water but without a sample the three 
thermocouples shown in Figure 4.3 were used to measure temperature. The water 
temperature near the ceiling of the cell was always higher than near the floor. This 
difference is believed to have occurred because the cell is a good conductor and heat 
is radiated away from the base quicker than heat can be transferred into the cell. In 
the first few trial tests with the HTTA the temperature difference was found to vary 
with the rate of heating, and with the effectiveness of attempts to control heat loss 
by radiation from the rigid base of the oven. When the cell water was rapidly heated 
to 100°C, and no additional insulation was employed to reduce heat radiation from 
the rigid base, a temperature difference of 10°C was recorded between the top and 
bottom of the cell, and this temperature difference was found to reduce very slowly 
with time. The temperature difference was reduced to 5°C (and to 2°C for a mean 
temperature of 50°C) by placing a 6.8 mm hard Muscovite insulating board 
underneath the cell, and by limiting the temperature increments to 25°C. If it is 
assumed that the temperature varies linearly from top to bottom of the cell, and the
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three thermocouples suggest that it does, then the temperature difference over the 
100 mm height of the soil specimen is about 2°C at 100°C and less than 1°C at 
50°C. This temperature variation across the specimens was not expected to influence 
significantly the results. The thermocouple in the soil was 25 mm above the bottom 
platen and measured the average soil temperature for the lower half of the specimen. 
This thermocouple has been used to determine the soil temperature which should be 
within 1°C of the mean value.
4.2.5 Cell and back pressure controllers, and drainage lines
The cell and back pressures were supplied to the triaxial cell by two GDS 
pressure controllers, having capacities not less than 2 MPa. Details of the GDS 
controllers have been given by Menzies (1988). During testing, the pressures were 
transmitted through copper tubes linked between the pressure controllers and the cell. 
As shown in Figure 4.1, the copper tubes were arranged so that a part of them was 
submerged in a water cooling tank to ensure that the temperature in the controllers 
remained at the ambient value. The temperatures in the pressure lines at the 
junctions on both sides of the water tank were monitored by using 4 type-K 
thermocouples installed at the junctions. The temperatures at all four points were 
always at the ambient temperature, 22°C± 2°C, irrespective of the oven temperature 
and the length of time that the oven was on.
Copper tubing was used for most of the drainage lines because it is 
temperature and pressure resistant. However, where the drainage lines enter the 
oven some flexibility is required so that the triaxial cell can be driven upwards 
during testing. Two pieces of flexible braided tube, 450 mm long, were placed in 
the drainage lines to form movable joints at these locations. Braided tubes were not 
used throughout because of their big difference in price.
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4.2.6 Electronic measuring devices
The HTTA employs a number of electronic measuring devices to monitor 
various responses of the soil specimens during testing. These devices are: a strain- 
gauged proving ring, a linear variable potentiometrie transformer, a cell pressure 
transducer of capacity 6.5 MPa, a pore pressure transducer of capacity 5 MPa, four 
proximity transducers, and seven type-K thermocouples. More information about 
these devices is given below.
4.2.6.1 Axial load measurement
A proving ring of 4.5 kN capacity was mounted on the base of the cross-head 
beam of the loading frame. The proving ring had four strain gauges, two on each 
side, stuck on both inner and outer surfaces to provide an electrical output. A dial 
gauge was used for visual observation of the ring compression. To protect the 
proving ring against heat from the oven, a layer of rockwool was placed between the 
proving ring and the top of the oven. This was insufficient to prevent the proving 
ring heating up when the oven temperature exceeded 50°C and a cooling fan was 
employed to keep the proving ring temperature approximately constant. The proving 
ring measured the applied load which was composed of the deviator load, ram 
friction, and axial load on the ram resulting from the cell pressure. The dynamic 
ram friction was found to vary with temperature and cell pressure. The frictional 
force, about 10 kPa, was measured during calibration of the proving ring, and these 
values were subsequently subtracted from the total load to determine the deviator 
load measurements.
An attempt was made to use a submersible internal load cell to avoid the 
problem of ram friction. An Imperial College type load cell (Bishop et al 1975) was 
modified by replacing the strain gauges in it with a set of temperature resistant strain 
gauges designed to operate at up to 150°C (see appendix 4.1). The strain gauges
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were stuck on the steel diaphragm by a temperature resistant bonding agent, M-Bond 
610, and bathed in silicon fluid (200 fluid/20 cs). Unfortunately, the modified load 
cell could not be employed because of problems with leaking seals and poor bonding 
of the gauges. Throughout the period of this research several unsuccessful attempts 
were made to solve these difficulties.
4.2.6.2 Fluid pressure measurement
In testing with the HTTA, the cell pressures were measured by a Druck 
PDCR 960 differential transducer which was designed for use in the pressure range 
from 0 to 6.5 MPa, and in the temperature range from -20°C to 80°C. The 
transducer was mounted outside the oven where the temperature remained at its 
ambient value. The pore water pressure was measured by a Kyowa PH-50B 
differential transducer which was designed for use in the pressure range from 0 to 
5 MPa, and in the temperature range from -196°C to 220°C. The transducer was 
mounted on a pressure-interface at the base plate of the triaxial cell inside the oven. 
Thus variations of pore water pressure could be measured during heating close to the 
specimens under undrained conditions. Because of expansion of water during heating 
it is important to minimize the volume of water between the isolating taps and the 
specimen to approach undrained conditions.
4.2.6.3 Displacement measurement
The LVPT was mounted on the cross-head beam of the loading frame, with its 
core bearing on the top of the oven. It measured the movement of the oven relative 
to the cross-head beam. The operational principle of LVPT's has been discussed by 
Jones (1977). The LVPT has an operational range of 114 mm. Its output voltage 
varies, in proportion to the input voltage, with the position of the wiper moving 
along the gauge. The resolution of the LVPT depends on turns/mm of wire wound 
over the gauge length. The LVPT employed by the HTTA has 14 turns/mm which
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gives a resolution of 0.07 mm.
Direct measurements of the sample deformations have been obtained from 
proximity transducers. These transducers are a kind of inductance displacement 
transducer that can measure the distance between a transducer and a target without 
physical contact between them. As the separation between the transducer and its 
target changes so does the magnitude of eddy-current flowing in the target plate, and 
this in turn causes a change in inductance of the coil which is detected by appropriate 
electrical circuitry. Proximity transducers have been used for local strain 
measurements in triaxial tests by other researchers (Hird and Young, 1989; Brown 
et al, 1980; Symes and Burland, 1984; and Cole, 1978). However, in the present 
research programme proximity transducers have for the first time been employed to 
work under water at high pressure and at elevated temperatures. Four Sangamo 
proximity transducers, including 2 Type-DT18M and 2Type-DT19M, were specially 
designed and manufactured (by Sangamo Ltd.) according to our requirements. 
Special heat-resistant elements, wires, and cables were used to enable operation at 
temperatures up to 150°C.
The transducers were able to measure distances ranging from 0 to 6.5 mm 
while submerged in water at pressures up to 7 MPa and at temperatures up to 150°C. 
The magnitude of the output voltages were found to depend on the separations 
between the transducers and the targets on the specimen, and also on the properties 
of the target material. Aluminium foil and zinc plated mild steel were investigated 
to determine their suitability as targets. The aluminium foil gave a maximum output 
of 0 .01 Volts and poor resolution compared with the steel targets which gave a 
maximum output of 3 Volts. The steel targets have been used in all the tests and 
give an output varying from 3 Volts to 0 Volts as the separation varies from 0 to 
about 6.5 mm.
The proximity transducers needed to be mounted on a reference frame (the
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stand) so that the relative movements between the soil specimen and the transducers 
could be measured. The stand should ideally be insensitive to changes in 
temperature and pressure. To achieve this, a ceramic tube was ordered and cut to 
shape as shown in Figure 4.5. The ceramic tube was made of ALSINT 99.7 alumina 
ceramic. It has a theoretical mean thermal expansion coefficient (TEC) over the 
temperature range from 20° to 300°C of 7xL06/°C. Measurements of local 
deformations of the specimens have all been corrected using this TEC value. To 
check the TEC value two 50 mm dummy specimens, one made of brass and the other 
made of aluminium, were heated and their thermal expansions in the radial direction 
were measured by the proximity gauges. Values for the expansion of aluminium and 
brass were calculated according to their coefficients of thermal expansion, a A, = 23 
x 10 6/°C, a brass = 19 x 10 6/°C (Halliday and Resnick, 1974), and the expansion of 
the ceramic stand was then determined from the measured and calculated expansion 
of the dummy samples.
The calculated thermal expansions of the stand at different temperatures are 
shown in Figure 4.6. There is considerable scatter in the data but they still clearly 
show a trend of increasing expansion of the stand with temperature. The scatter of 
the results may have been caused by inaccurate measurement due to errors in the 
calibration constants and their changes with time. These errors will have been 
exacerbated by the very small expansions caused by heating. Also the magnetic field 
between the target and the proximity transducer might have been slightly affected by 
the metallic dummies although effects of this kind were expected to be small because 
both aluminium and brass are non-magnetic materials. The best fit line through the 
data in Figure 4.6 gives a TEC value for the ceramic stand of 7.2 x 10 6/°C. This 
is reasonably close to the theoretical value for the ceramic of 7 x 106/°C. This 
agreement suggests that the scatter in the data is representative of the measurement 
accuracy (discussed further below) and that deformations can be measured to an 
accuracy of ± 0.01 mm.
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4.2.6.4 Temperature measurement
Commercial type-K thermocouples have been calibrated by comparison with 
a standard platinum-13 % rhodium/platinum thermocouple in a controlled 
environment. The thermocouple wires were referred to 0°C. The output was 
measured using a precision millivolt potentiometer. Thus, errors in measurements 
taken by thermocouples of this kind are generally within ±(0.3°C ± 0.15%) over 
their operating temperature range from 0 to 700°C.
Seven type-K thermocouples were employed at various places in the HTTA: 
two at each end of the cooling-water tank and the others inside the triaxial cell. The 
thermocouples installed inside the triaxial cell included one at the centre of the 
pedestal, one hanging from the ceiling, and one standing on the floor as shown in 
Figures 4.1 and 4.2. During testing, they were used to monitor changes in 
temperatures of the specimen, the cell water, and the water in the drainage lines.
The standard handbook for thermocouples (Labfacility Ltd, U.K.^ 1982) gives 
data showing that the behaviour of type-K thermocouples could be considered to be 
piecewise linear over a wide range of temperature, and could further be considered 
to be linear over a small temperature-range from 0° to 200°C. The outputs from the 
thermocouples were interpolated, between data given in the standard handbook, to 
give corresponding temperatures. The interpolation was carried out using a 4th 
degree Lagrange polynomial (Hornbeck, 1975) because this method is suitable for 
either linear or non-linear, and equally spaced or unequally spaced data.
A typical response curve of Type-K thermocouples is shown in Figures 4.7.
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4.2.7 Data acquisition equipment
Outputs from the electronic measuring devices were detected by a digital 
HP3456A voltmeter (DVM), working together with a fast HP3497A scanner, to 
which all the devices were connected.
The DVM has a 6Vi digit display, showing measurements accurate to 1 
microvolt (i.e. l^iV) for outputs up to 10 volts. This resolution is better than 
required for most of the devices used in testing soil. This resolution is also adequate 
for identifying problems of drift and instability of a transducer.
The HP3497A scanner has five plug-board slots for different terminal cards 
to go into, and each terminal card provides 20 channels for different devices. In the 
present set-up for the HTTA, the thermocouples were connected to a low thermal 
relay card in slot 1 and the other devices were connected to a standard terminal card 
in slot 0. The low thermal relay card has a built-in thermistor to measure the 
junction temperature of the terminal strips. This gives the measured junction 
temperature in terms of an offset voltage that simulates an ice-point reference. This 
voltage, combined with software compensation (Hewlett Packard, 1980), enabled the 
measured quantities from the thermocouples to be converted to the actual 
temperatures measured. During testing of the soil specimens, the measurements 
collected by the DVM were transmitted (via standard IEEE cables) to an 80286 AT 
microprocessor (i.e. a personal computer), and stored in its hard diskette.
4.2.8 System control of the HTTA
The brain of the HTTA is an 80286 AT microprocessor. The design of the 
test control algorithm was aimed at automation of the HTTA to carry out the 
following:
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(1) to provide users with a menu of options to enable: (a) Saturation, (b) 
Calibration, (c) Consolidation, and (d) Testing;
(2) to communicate with the devices and pressure controllers in the 
HTTA;
(3) to get initial and subsequent readings from all the devices regularly at 
desired time intervals, and save them under prescribed file names on 
the hard diskette;
(4) to calculate the mean effective stress (p'), deviator stress (q), pore 
water pressure (u), volumetric strain (€v), and axial strain (ea).
(5) to carry out software compensation to the thermocouple measurements 
and to convert these into temperatures in degrees Celsius;
(6) to have the data obtained in (3) plotted on screen in the course of 
testing.
4.3 Calibration and performance of the measuring devices 
4.3.1 Introduction
Every measurement involves an error (except for counting numbers). In 
general an error has two components: random errors and systematic errors (Jones, 
1977). Random errors may be caused by reading mistakes and errors of judgement, 
and variations of conditions as caused by sporadic noise or specification errors in 
parts of the device under observation. Taking readings repeatedly with care may 
help to reduce the chances that errors arise because of human mistakes. Also by 
using a good data-acquisition system together with operating the devices properly 
within their specific ranges of operation should alleviate, as much as possible, the 
influence of system-noise and random drift. In contrast to random errors, systematic 
errors can be caused by using an inadequate measurement method, such as unjustified 
extrapolation or interpolation of experimental data, or by ignoring the existence of 
device errors, perhaps caused by changes in temperature and humidity, or by using
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an improper calibration for interpretation of experimental data. Therefore, each 
device should be calibrated over a range wide enough to cover its anticipated 
operating range. In addition, the calibration should be checked regularly to verify 
its performance, repeatability, stability of output, uncertainty, accuracy, resolution, 
sensitivity, and hysteresis.
The performance of the devices employed by the HTTA were checked 
frequently throughout the laboratory testing programme. The pressure transducers, 
proximity gauges and thermocouples were purchased for the present research and 
their complete specifications are given in appendix 4.1. The calibration checks of 
these devices showed they were all within the manufacturers' specifications. The 
LVPT and proving ring were old equipment, and their specifications were not 
available.
4.3.2 Calibration of the strain-gauged proving ring
The proving ring was calibrated at oven temperatures of 22°C, 50° and 
100°C, and at cell pressures of 1400, 1650, and 2000 kPa. This allowed the 
dependence of the calibration on temperature and the ram friction to be determined 
under a range of conditions. Neither dead-weights nor another calibrated proving­
ring could be employed for the calibration because the oven was not spacious enough 
for either of them to fit inside. Therefore, a pressure interface (PI) was designed, 
inside the triaxial cell, to produce an applied load which was transmitted by a loading 
ram through the top plate of the triaxial cell to the proving ring. The set-up for the 
calibration is shown in Figure 4.8. The PI consists of a brass cylinder of 50 mm 
internal diameter by 120 mm high with wall thickness 8 mm, and a piston with 
negligible side-friction. The friction in the piston could easily be identified by 
observing the pressure difference between the cell pressure and the piston pressure 
for zero deviator load. This was found to be less than 1 N which was considered to 
be negligible. To calibrate the proving ring the brass cylinder was seated at the
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centre of the triaxial cell base plate and sealed off at its base by a Viton O-ring. The 
PI was filled up to 2/3 of its height with water and 1/3 with castor oil. Then the 
triaxial cell was filled with water and the oven temperature raised to the desired 
value. Before calibration, the cell water was pressurized to the desired value (i.e. 
1400, 1650 or 2000 kPa), then the triaxial cell was driven up slowly, thus, a load 
was transmitted to the proving ring. The water pressure in the PI and the applied 
cell pressure were monitored by two GDS pressure controllers. This procedure 
enabled the deviator load and ram friction to be determined. The ram friction was 
observed from the dial gauge on the proving ring as the triaxial cell was being driven 
up and before the ram was in touch with the PI. The proving ring calibration was 
found to be independent of the oven temperature.
The dynamic ram friction during calibration under different combinations of 
cell pressure and temperature was found to be less than 30 N, and in most cases 
about 10 N. This is equivalent to pressures of 15 kPa, and 5 kPa respectively on a 
<f>50 mm Specimen.
4.3.3 Calibration of the pressure transducers and the LVPT
Because the cell pressure transducer and the LVPT were not in direct contact 
with any hot element of the HTTA their performance was considered to be 
independent of temperature in the oven, and their calibrations were carried out only 
at ambient temperature.
During calibration, the cell pressure transducer was mounted on an interface 
directly attached to a pressure controller which had been calibrated beforehand using 
a dead-weight tester (Barnet Dead-Weight Tester). The LVPT was calibrated against 
a micrometer. The pore-water pressure transducer (PWPT) was connected to the 
triaxial cell in the oven and was calibrated in this position. The triaxial cell was 
filled up with water and heated to the desired temperature in the oven. The PWPT
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was calibrated against a pressure controller, linked to the triaxial cell with copper 
tube, that had been previously calibrated against dead weights. The PWPT 
calibration was found to be insensitive to temperature.
The proving ring, LVPT, and pressure transducers are devices which are 
expected to produce linear outputs when used within their specified operation ranges. 
Calibration of these devices revealed that they were linear, and typical results of the 
calibration are given in Figures 4.9 to 4.12.
A test to check the apparatus compliance was performed using a steel dummy 
sample, and all the LVPT data have been corrected accordingly. It was found that 
the compliance, as shown in Figure 4.13, was principally caused by the deflection 
of the proving ring.
4.3.4 Calibration of the proximity gauges
Calibration of the proximity gauges at different temperatures was carried out 
as follows. A dummy specimen, almost the same size as a soil specimen, was made 
of ALSINT 99.7 alumina ceramic, the same material as the ceramic stand. As the 
expansions of the stand and dummy sample would partly compensate each other and 
because the expansions would be small, it has been assumed that the gap between the 
gauge and the target on the dummy specimen does not change with temperature. 
Figure 4.14 shows the set-up for calibration of the proximity gauges. The stand was 
held firmly using two screws bearing on the sides of the triaxial cell pedestal. 
During calibration four targets were mounted on the dummy specimen. The initial 
gaps between them, and the corresponding gauge positions on the ceramic stand at 
room temperature were measured by using a vernier, which has resolution of 0.02 
mm. The door of the oven was then closed, and the temperature raised to 50° or 
100°C and the gauge outputs recorded. Then, the door of the oven was opened to 
allow the temperature to return to its ambient value, the cell removed from the oven
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and the gaps between the proximity gauges and their targets were adjusted. The 
above procedure was repeated a number of times until enough data had been 
collected.
A typical calibration curve for one of the proximity gauges is shown in 
Figure 4.15. The output is non-linear. To calculate the gap distance, the 
relationship between the output of the proximity gauges and the gap has been Fitted 
by a cubic spline function (Hornbeck, 1975). The calibration curves were found to 
vary slightly with temperature over the range from 20° to 100°C, although this 
variation was within the manufacturer's specification as given in appendix 4.1.
4.3.5 Device measurements and accuracy
The factors influencing the accuracy of electronic transducers have been 
discussed by many authors. Bransby (1973) has suggested the major causes of 
inaccuracy to be:
(1) errors in the recording device.
(2) Hysteresis and non-linearity of the elastic member and of the strain 
gauges.
(3) Random drift, in the output voltage, perhaps caused by temperature 
fluctuations.
(4) Errors due to the effects of other loads than those the device is 
designed to measure.
(5) Errors in the calibration constants, and their changes with time.
Bransby's comments were mainly deduced from the performance of strain- 
gauged transducers. For inductance transducers such as proximity gauges, errors can 
also arise from the system noise because of their high sensitivity and non-linearity.
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The devices employed in this research have been calibrated in a temperature- 
controlled laboratory before use. All the devices were carefully designed to operate 
within their specific operational ranges (see appendix 4.1), and connected to a good 
data-logger. The errors due to the first four causes are considered to be small, and 
no correction for these errors has been made to the test results.
Errors in determination of the calibration constants were estimated by 
comparing calculated points from the calibration constants with measured data. The 
accuracy of the calibration for the proximity gauges was limited to the accuracy of 
the measurement of separations between the target and the gauge, they were 
measured using a vernier with resolution ±0.02 mm. The accuracy of calibration 
of the LVPT was limited by the resolution of the LVPT itself which was ±0.07 mm.
Results from tests to measure the stand expansion suggest that the accuracy 
of the proximity gauge measurements was about ±0.01 mm when the gap was in the 
range from 0 to 5mm. However, at larger gaps the sensitivity is greatly reduced, 
and owing to the non-linearity of the response it is expected that the accuracy will 
decrease. Further errors were caused by drift in the outputs, apparently related to 
a failure of the seals and at a later stage in the testing programme two of the four 
proximity gauges were found to be irreparably malfunctioning.
4.3.6  Volume changes in the drainage lines due to heating
During heating and cooling of the triaxial cell, there will be volume changes 
of water in the drainage lines in addition to those from the sample. To determine 
these effects, a brass dummy was used in place of a soil specimen and the volume 
change of the water in the system was monitored using a GDS controller as the oven 
was heated and cooled. During undrained heating volume changes can occur for the 
same reason. To estimate this, the volume change of the water in the drainage lines 
between the taps at the cell base and the GDS was also observed, and is shown in
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Figure 4.16. The volume change during undrained heating is then the difference 
between the total change and the change with the taps closed. It can be seen in 
Figure 4.16 that the total volume changes in the drainage system and between the 
taps and the pressure controller are about 900 mm3 and 100 mm3 respectively for a 
temperature rise from 22°C and 100°C. As a result during "undrained heating" 
from 22° to 100°C, about 800 mm3 of water will flow into the soil specimen. The 
hysteresis shown in Figure 4.16 might be due to different rates of heating and 
cooling; the former was much faster than the latter. Figure 4.16 also shows that the 
cooling response curve does not return to the origin as the system is cooled down to 
the ambient temperature. The difference is about 150 mm3 which might result from 
a small change in ambient temperature.
To investigate the permeability of Butyl-rubber membranes, a typical sample 
membrane was used to seal a 050 mm brass dummy in the triaxial cell. It was tested 
with a pressure difference across the membrane of 1000 kPa at 100°C (±  1°C) for 
more than 150 minutes. Although the testing time is relatively short to compare with 
a drained test which takes about two weeks to complete, the result of the test given 
in Figure 4.17 shows that no significant volume-change with time is observed. 
Small fluctuations in measured volume change of the water in the system were due 
to the fluctuations of oven-temperature with time. Also, it was noted during testing 
of the soil samples that there was no evidence of water flowing through the 
membrane into the samples.
4.4 Testing procedure
4.4.1 Introduction
The test procedure can be split into three parts: specimen preparation and set 
up in the triaxial cell, saturation and isotropic consolidation, and shearing.
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4.4.2 Specimen preparation
The specimens prepared for the tests at elevated temperatures were 50 mm 
in diameter, and had a height to diameter ratio of about 2. Each specimen was made 
up of 250 g Kaolin C1C powder and 178.5 ml distilled-deaerated water. The 
materials were mixed thoroughly to form a slurry having a water content of 71.4%, 
which is 1.13 times the liquid limit. The mixture was placed carefully in a 50 mm 
diameter brass mould to avoid entrapping air bubbles in the specimen. The specimen 
was placed under water and deaerated in a desiccator for 24 hours. The procedure 
for saturation and deaeration was identical to that described in Chapter 3 for the 38 
mm specimens. After deaerating, the specimens were subjected to K0 consolidation 
in the brass mould, and compressed under a total dead weight equivalent to a total 
axial pressure of 79 kPa.
4.4.3 Specimen set up
To enable the specimens to be set-up on the pedestal of the triaxial cell a 
special arrangement was needed because, as can be seen in Figures 4.5 and 4.18, 
inside the ceramic stand there is not much room. A detachable pedestal was used 
so that it could be raised from its seat to the top of the ceramic stand by two 
extension rods connected to its base. At this time, the proximity-gauge targets were 
attached to the sample. Then, after the specimen had been set up it was pulled back 
to its seat. The interface between the base and the pedestal was sealed off using 
Viton O-rings.
4.4.4 Saturation and isotropic consolidation
Each specimen was first subjected to an isotropic effective consolidation 
pressure of 100 kPa for saturation in the triaxial cell at room temperature. This 
effective pressure was made up of a cell pressure of 1100 kPa and a back pressure
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of 1000 kPa, applied by stepwise increasing both the cell pressure and the back 
pressure. A higher back pressure was used than in the room temperature tests to 
provide a factor of safety of about 10 against vaporization of water at 100°C, and 
to ensure saturation of the samples. This initial consolidation helped to erase some 
memory of the anisotropy due to K0 consolidation in the brass mould. All the 
specimens having undergone this initial consolidation had B-values greater than 0.98 
and in a few cases B-values were practically one.
After saturation, all specimens were subjected to further isotropic 
consolidation, under various combinations of temperature and pressure, before 
shearing under either drained or undrained conditions. During undrained heating, 
the specimen temperature was raised in increments of 25°C at time intervals of 5 
hours. During drained heating, the specimen temperature was raised in increments 
of 10°C every 5 hours. It was noticed that for 100°C tests the specimen 
temperatures were found to be 100°±0.5°C whereas the temperatures of the water 
near the top of the cell were about 3.5°C higher and those near the base of the cell 
were about 1.5°C lower than the specimen temperatures. For 50°C tests, these 
temperature differences were all less than 1°C. A similar pattern was measured 
when no specimen was present, suggesting that temperature variations across the 
specimens were small. A preliminary numerical analysis was made to model the 
time-dependent temperature response at the centre of a 50 mm soil sample to a 
temperature rise at its surface boundary from 22°C to 150°C. The analysis made 
use of heat conduction theory with assumed values of soil conductivity and 
diffusivity. The sample was considered to have reached the new temperature 
equilibrium as the difference between temperatures at the surface and at the centre 
was less than 0.2°C. The length of time required for the temperature equilibrium 
depended on the heat-diffusivity (D) and conductivity (C) of the soil assigned in the 
analysis. In the preliminary analysis, a value of D equal to l.lxlOE-6 m2/sec, and 
of C equal to 1.4 W/m.K (White, 1988) were assumed. With these values the time 
required for a 50 mm specimen, subjected to an increase in temperature from 22°C
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to 150°C, to reach the new temperature equilibrium was 66.15 minutes.
4.4.5 Drained and undrained compression (shearing) tests
After consolidating to the desired states, the specimens were then sheared 
under either drained or undrained conditions while maintaining a constant cell 
pressure. The deviator load on the specimen was increased by providing a constant 
deformation rate. The rates used were 0.02 mm/min (i.e. 1.2 mm/hr) and 0.003 
mm/min (i.e. 0.18 mm/hr) for undrained and drained shearing respectively. The 
strain rates adopted were based on the observed values of Cv of Kaolin C1C (Bishop 
and Henkel, 1962).
4.5 Summary and recommendations for future development of the apparatus
4.5.1 Summary
A new apparatus (HTTA) has been designed and assembled for conducting 
triaxial tests on soil specimens at elevated temperature up to 150°C.
The HTTA has some additional features to those of conventional triaxial 
apparatus which enable it to monitor the soil response due to temperature change 
during testing. These additional features consist of: a temperature-controlled oven 
which enables soil testing at various temperatures in the range from room 
temperature to 150°C; and, a number of thermocouples installed at seven different 
positions within the triaxial system to enable temperature measurements during 
testing; and a temperature resistant pore-water-pressure-transducer (PWPT) to enable 
PWP measurements at the triaxial cell base within the oven so as to minimize errors 
in PWP measurement due to expansion of the drainage lines during undrained 
heating; and, finally, two pairs of proximity gauges around the soil specimen to 
measure directly thermal expansion of the specimen in both axial and radial
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directions during testing at elevated temperature.
4.5.2  Recommendations for future development of the HTTA
The HTTA assembled for the present use is far from perfect. Further 
enhancements to the apparatus are recommended as follows:
The computer algorithm needs to be modified so that the temperature of the 
oven is controlled by the computer. The rate of temperature increase can be adjusted 
according to the change in pore water pressure of the specimen during drained 
heating.
With the present set-up the HTTA cannot perform stress-controlled or triaxial 
extension tests. Therefore, enhancement to both its facilities and computer 
algorithms are required.
An internal load cell is required so that deviator loads can be measured clear 
of ram friction.
At present, the capacity of the proximity gauges to measure axial 
deformations of the sample is very limited, and the accuracy of measurements 
decreases rapidly with gauge distance from the target. Therefore proximity gauges 
of greater operational range are required.
Though plated with zinc, the triaxial cell body was still found to suffer from 
corrosion. A new triaxial cell body made from stainless steel would overcome this 
problem.
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Table 4.1 Accuracy of the measuring devices employed in the HTTA
Estimated errors Calibration range
LVPT ±0.2 mm 0 - 95 mm
GDS ± 1 kPa 0 - 2000 kPa
Pore pressure
transducer ± 4 kPa 0 - 2000 kPa
@22 °C ± 5 kPa 0 - 4500 kPa
@50°C ± 6 kPa 0 - 4500 kPa
@100°C
Cell pressure
transducer
@22°C ± 4 kPa 0 - 2000 kPa
Proving ring ± 1 kPa 0 - 1490 kPa
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Specifications of the devices: 
Pore pressure transducer:
M o d e l N o . P H -5 0  K B
M a n u fa c tu re r :
R a ted  c a p a c ity  ( R .C .) :  
S a fe  o v e r lo a d  ra tin g :
K y o w a  L td . ,  J a p a n  
10 k g f /c m 2 to  5 0 0  k g f /c m 2 
120%  R .C .
R a te d  o u tp u t  ( R .O .) : 2 .2  m V /V
N o n - lin e a r ity : 0 .4 %  R .O .
H y s te re s is : 0 .4 %  R .O .
E x c ita tio n  v o lta g e : (m a x ) 15 V
B rid g e  re s is ta n c e : 3 5 0  H
C o m p e n s a te d  te m p e ra tu re  ra n g e : -1 9 6 °  to  ± 2 0 0 ° C
S a fe  te m p e ra tu re  R an g e : -1 9 6 °  to  ± 2 2 0 ° C
T e m p e ra tu re  e f fe c t  o n  z e ro  b a la n c e : 0 .0 3 %  R .O . / ° C
T e m p e ra tu re  e f fe c t  o n  o u tp u t:  
Cell pressure transducer:
0 .0 3  % /° C
M o d e l N o . P D C R  9 6 0
M a n u fa c tu re r : D ru c k  L im ite d , U K
P re s s u re  ran g e : 
O v e rp re s s u re :  
E x c ita tio n  v o lta g e :
0  - 6 0  b a r  g 
4  x  ty p ic a l 
10 V o lts
O u tp u t v o lta g e : 100 m V
N o n - lin e a r i ty  a n d  h y s te re s is : ± 0 .1 %  B .S .L .  to  6 0  b a r
O p e ra tin g  te m p e ra tu re  ra n g e : - 2 0 °C  to  + 8 0 ° C
T e m p e ra tu re  e f fe c t  ( to ta l e r r o r  b a n d ): ± 0 .5 % ,  0 °  to  5 0 ° C
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T h e rm a l z e ro  sh ift: ± 0 .0 1 5  % /° C
T h e rm a l s e n s it iv ity  sh ift: ± 0 .0 1 5  % /° C
P re s s u re  m e d ia  c o m p a tib i li ty :  
Proximity transducers (gauges):
3 16L  s ta in le ss  s tee l a n d  H a s te llo y
M o d e l N o . D T -1 8  a n d  D T -1 9
M a n u fa c tu re r :  
O p e ra tin g  ra n g e :
S a n g a m o , U K . 
0  to  5 m m
M a x im u m  ran g e : 0  to  6 .5  m m
C a se  m a te r ia l: 3 0 0  s e r ie s  s ta in le s s  s tee l
C a l ib ra tio n  v o lta g e : 5 V  rm s
C a lib ra tio n  fre q u e n c y : 5 k H z
C a lib ra tio n  lo ad : 1 kO
D C  c o il re s is ta n c e : 162 0 /c o i l
In p u t c u r r e n t ,  o p e n  g ap : 6 .5  m A  a t 5 k H Z , 5 V
T e m p e ra tu re  ran g e : -4 0 °  to  +  1 5 0 °C
T e m p e ra tu re  e r ro r : /1 0 0  <  5 %  o f  5 m m  ( -1 0 °  to
1 0 0 °C )
/1 5 0  <  5%  o f  5 m m  (-1 0 °  to
1 5 0 °C )
O p e ra tin g  p re s s u re : 0  to  7 0  b a r
Engineering Data Sheet for heat-resistant strain gauges applied to the internal 
load cell:
T y p e : W K - 0 6 - 125 M G -3 5 0
R e s is ta n c e  in  i l  a t  2 4 ° C : 3 5 0 .0  ±  0 .3 %
G a u g e  fa c to r  a t 2 4 °C : 2 .0 1  ±  1 .0%
T e m p e ra tu re  ran g e : - 2 6 9 ° C  to  2 9 0 ° C
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Strain limits:
Fatigue life: 
Bonding agents: 
Leadwire system:
± 1.5% at room temperature 
± 1.0% at -195°C 
± 3% at +205°C 
IO5 cycles at ± 1500 pm/m 
107 cycles at ±  1800 pm/m 
High-temperature epoxy 
M-Bond 610, 600 and GA-60 
Two flat, high-endurance leads 
attached to each tab permit 3- 
wire, or 4-wire systems to be 
carried directly to the gauges.
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CHAPTER 5
CONSOLIDATED TRIAXIAL COMPRESSION TESTS AT 
ELEVATED TEMPERATURES
5.1 Introduction
A programme of triaxial tests on Kaolin C1C has been carried out at elevated 
temperatures of 50° and 100°C using the HTTA as described in Chapter 4. In this 
chapter typical results from the tests are given. The results show how the soil 
specimens behaved in response to isotropic compression, changes in temperature, and 
during shearing at elevated temperatures. The behaviour during isotropic 
compression and shearing at elevated temperatures is compared with the results at 
room temperature, which have been given previously in chapter 3. Also the thermal 
strains measured directly from the proximity gauges during both drained and 
undrained heating are presented and compared with externally measured values. 
Finally the temperature effects on the behaviour of Kaolin C1C are summarized.
The programme of the tests is given in Table 5.1. Thirteen specimens have 
been tested at elevated temperatures. The tests have been divided into three groups 
as given in Table 5.1. Each group of specimens was subjected to different 
combinations of thermal and mechanical consolidation, shown schematically in 
Figures 5.1 to 5.3. The aims of these different stress histories were to investigate: 
(a) the uniqueness of the INCL lines at different temperatures, and (b) whether the 
order of thermal and mechanical consolidation had any effects on the subsequent 
behaviours.
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5.2 Isotropic Compression
All specimens were first compressed in the triaxial cell at room temperature 
under an isotropic pressure of 100 kPa. The specimens were left in the triaxial cell 
for about 24 hours, and all had B-values close to unity.
5.2.1 The specimens in Group 1
Figure 5.1 shows the path of thermomechanical consolidation for the 
specimens in Group 1. After initial consolidation at room temperature to an initial 
effective pressure of 100 kPa, the specimens (at I) were heated up slowly under 
drained conditions while the applied pressure of 100 kPa was maintained, that is 
isobaric thermal consolidation. For each of the specimens in this group, the 
specimen temperature was raised in increments of 10°C every 5 hours until the 
desired temperature was reached. Because of the lack of computerized control, the 
oven temperature increased at a faster rate so that it reached the desired temperature 
within half an hour. As it was intended to keep the temperature through the cell 
water and specimen reasonably constant, so temperature increments had to be small, 
and applied at a slow rate. Also it was intended to limit, because it was impossible 
to avoid, the excess pore water pressure due to heating. In the tests, the excess pore 
pressures which were monitored by a pore pressure transducer attached to the base 
of the triaxial cell were limited to some small value, less than 2 kPa, with the flow 
rates at the end of each temperature increment less than 0.2 mm3/min. The latter 
was the observed flow rate for the soil at the end of the consolidation stage at room 
temperature. The drained heating was thus considered to be complete and the next 
temperature increment was then applied. For each temperature increment, 
accomplishment of this process generally took about 5 hours. The specimens (now 
at states A' and B’) were then subjected to further consolidation by increasing the 
confining pressure at constant temperature, that is isothermal mechanical 
consolidation. The stresses were increased in one stage so that after consolidation,
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the specimens reached states A" and B" with effective stresses of 400 kPa and 650 
kPa respectively as shown in Figure 5.1.
5.2.2 The specimens in Group 2
Figure 5.2 shows the path of thermomechanical consolidation for the 
specimens in Group 2. A similar path was also followed by the special test 
(UNEXPN). After initial consolidation at room temperature to I at an effective 
stress of 100 kPa, the specimens were subjected to further isotropic mechanical 
consolidation to the states B and C at effective stresses of 650 kPa and 1000 kPa 
respectively. In both cases, the stress was increased in a single increment. The 
specimens were then subjected to undrained heating to states B', C  while 
maintaining a constant confining stress, that is isobaric undrained heating. When the 
pore water pressure in the heated specimens reached equilibrium at the elevated 
temperature, the drainage taps were opened to allow pore pressure dissipation with 
the cell water maintaining a constant pressure. The specimens underwent changes 
in volume due to dissipation of the excess pore water pressures, eventually reaching 
equilibrium at states, B" and C", at effective stresses of 650 kPa and 1000 kPa 
respectively.
During undrained heating the temperature was raised in increments of 25°C 
at time intervals of 5 hours until the desired temperature was reached. With this 
heating rate, the maximum temperature differences over the height of the samples 
were estimated, from the readings of the three thermocouples within the cell and at 
the base of the sample, to be about 2°C and 4°C for average temperatures of 50°C 
and 100°C respectively.
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5.2.3 The specimens in Group 3
Figure 5.3 shows the thermomechanical consolidation paths for the specimens 
in Group 3. After initial consolidation at room temperature to I at an effective stress 
of 100 kPa, the specimens were subjected to mechanical consolidation, by increasing 
the confining pressure, at room temperature, to A and C at pressures of 400 kPa and 
1000 kPa respectively as shown in Figure 5.3. The specimens were then subjected 
to isobaric thermal consolidation as the temperature was raised. The rate of increase 
in temperature was the same as for the Group 1 specimens, that is, 10°C in 5 hours. 
At the end of drained heating, the specimens reached equilibrium at A' and C', with 
effective stresses of 400 kPa and 1000 kPa, respectively, at the desired temperatures. 
The specimen C’ was then allowed to swell back to the state C" by reducing the 
isotropic pressure from 1000 kPa to 400 kPa at constant pressure. After swelling the 
specimen was re-compressed to C" at an isotropic pressure of 650 kPa, where the 
specimen had an overconsolidation ratio of 1.54.
5.3 Determination of final moisture content
At the end of each test, the motor of the loading frame and the oven were 
switched off. The specimen was allowed to cool down to room temperature before 
it was removed from the triaxial cell. During cooling pore water was allowed to 
drain from the specimen, and the cell pressure and back pressure were kept constant. 
The data-logging program was kept running to record the volume changes of water 
in both the system and the specimen during cooling. Further drainage was then 
prevented, the confining pressure released, and the specimen was removed and 
weighed to an accuracy of 0.01 g. The specimen was weighed again after drying in 
an oven at 105 °C for not less than 24 hours. After correction for volume change in 
the system during cooling down, the moisture content of the specimen at the end of 
the test, at elevated temperature, was determined. This corrected moisture content 
was used as a datum for the variations of specific volume during shearing of the
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specimen.
5.4 Test results
Experimental data from the drained and undrained triaxial tests at different 
temperatures and stress levels have been collected. Processing the data was complex 
because of the effects of the temperature changes. A set of typical work-sheets has 
therefore been designed for this purpose, and is given in appendix 5.1 with some 
typical examples showing processing of the data.
5.4.1 Consolidation
The responses of the specimens during isotropic consolidation are shown in 
Figures 5.4 to 5.6. It can be seen from these figures that the values of t100, the time 
for completion of primary consolidation, varies with the applied pressure increments 
and with the temperatures. For a typical consolidation curve in the A V:log(t) space, 
the value of t10o is defined as the intersection of the tangents to the two straight-line 
portions of the observed consolidation curve (Lambe and Whitman, 1969). Figure
5.4 shows the effect of pressure increments on isotropic consolidation at 22°C. It 
can be seen from this figure that an increase in the applied pressure increment causes 
the volume change to increase as would be expected, and results in the value of tloo 
reducing. Figures 5.5 and 5.6 show the effects of temperature on isotropic 
consolidation at applied pressures of 400 and 650 kPa, and temperatures from 22°C 
to 100°C. The figures show that the volume change as well as the value of t)00 
reduces with increasing temperature.
Typical responses of the specimens during drained heating and thermal 
consolidation are shown in Figures 5.7a to 5.7c.
During drained-heating, the specimen temperature was increased in steps from
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22°C to 100°C at different constant isotropic pressures, p0', as shown in Figure 5.7a 
for p0' = 100 kPa and Figure 5.7b for p0' = 400 kPa. Comparison of Figures 5.7a 
and b suggests that the observed responses of the two tests at different pressures are 
similar, but the required time for the excess pore water to drain reduces and the 
accompanying volume change increases as the pressure increases from p0’ = 100 kPa 
to 400 kPa.
In contrast with Figures 5.7a and b, Figure 5.7c shows the typical response 
of a specimen during thermal consolidation where the specimen was subjected to 
undrained heating in steps from 22°C up to 100°C; and the excess pore water 
pressure was then allowed to drain at the constant temperature. The consolidation 
of the specimen at 100°C was observed to be much faster than at room temperature 
as discussed in Chapter 3.
The values of cv have been determined from the results of isotropic 
consolidation using the relationship between t100 and the drainage conditions as 
suggested by Bishop and Henkel (1962) as follows:
where h0 is the length of drainage path which is equal to full height of the specimen 
with one way drainage, or equal to half of the specimen height if drainage is 
provided at both ends of the specimen.
Table 5.2 gives the average values of cv obtained from the consolidation tests. 
It can be seen that the average value of cv at 22°C varies with the applied 
consolidation pressures. It increases from about 2.5 mm2/min to about 5 mm2/min 
in response to increases in applied pressure increment from 20-H00 kPa to 100-H000
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kPa respectively.
For specimens consolidated at elevated temperatures, the results given in 
Table 5.2, and shown in Figures 5.5 and 5.6 indicate that the average cv values 
increase with temperature and pressure. For the pressure increment, Ap’, of 100 -♦ 
400 kPa, the measured value of cv increases from 3.4 mm2/min to 13.3 mm2/min as 
the consolidation temperature increases from 22°C to 100°C, and for the pressure 
increment Ap' of 100 650 kPa, cv increases from 4.1 mm2/min to 15.3 mm2/min
as the temperature increases from 22°C to 100°C.
The value of cv is a function of the permeability and compressibility of the 
soil, and both of these parameters vary with stress and temperature. The coefficient 
of permeability is strongly related to the viscosity of pore water (Terzaghi, 1943), 
and the viscosity varies significantly with changes in temperature. Values of water 
viscosity at different temperatures are given in Table 5.3 (after White, 1988) and 
plotted in Figure 5.8. The relationship between coefficient of soil permeability and 
pore water viscosity, as mentioned by Terzaghi (1943), is as follows:
P
where k is coefficient of permeability, K is " absolute permeability” (Mitchell, 
1976), p and yw are the viscosity and unit weight of the pore water. The unit weight 
of water reduces by about 4% as the temperature increases from 22°C to 100°C 
(White, 1988).
The ratios of the cv values at different temperatures for corresponding 
pressure increments are compared with the ratios of the water viscosities, p, in Table 
5.4. The ratios given in Table 5.4 suggest that the increase in cv due to temperature 
rise is mainly due to the reduction in viscosity of the pore water as the temperature
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increases. Similar findings from thermal consolidation tests have also been obtained 
by Habibagahi (1976).
The measured cv ratios are slightly greater than the corresponding viscosity 
ratios. The discrepancy between these ratios might be a consequence of physico­
chemical changes occurring in the microstructure at elevated temperature. Also, the 
cv values were estimated using the values of t100 visually estimated from the curves, 
and there could be some errors in estimated t100 values. The existence of physico­
chemical changes in the soil properties due to changes in temperature has been 
reported by Hadley et al (1984). Baldi et al (1988) suggest that the thickness of the 
double layers surrounding the clay particles will vary with temperature. However, 
there is some controversy concerning the temperature effect on the thickness of the 
double layers, and Mitchell (1976) suggests that in general the thickness of the 
double layers for clayey soils, such as Kaolin, will not be greatly affected by 
temperature change.
5.4.2 Isotropic compression
It has been found that the equilibrium points of the specimens initially 
consolidated at room temperature lay on or close to the RTINCL determined in 
Chapter 3 as shown in Figure 5.9. Good agreement of these points with the INCL 
suggests that a high degree of repeatability of specimen preparation has been 
achieved. Figures 5.10 and 5.11 show the equilibrium states under isotropic stresses 
at room temperature, 22°C, 50°C, and 100°C, in v:lnp’ plots. In presenting the 
data in Figures 5.10 and 5.11, the specific volumes of the specimens have been 
slightly adjusted so that all room temperature points lie on the estimated RTINCL. 
This adjustment was made to reduce the scatter and enable the effects of temperature 
to be more clearly discerned.
The specific volume at elevated temperature, v„ is defined as vt =1 + e, 
where e, is the ratio of the volume of voids to the volume of solids of the specimen
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at the temperature t°C. The change of specific volume, Av, due to temperature 
change at a given stress level represents the thermal consolidation response of the 
specimen. The specific volume of the specimen changes with temperature rise AT 
from t, to t can be determined using the relationship of the test data as follows:
V “ » A T V v ,< AV~>
v = 1 +-------------------- 1---------
' V + et AT V.
' 1  ‘ »!
where the volumes of voids and solids at t, are Vvtl and Vstl, the thermal expansion 
coefficients of the pore water and the solids are a w and a s respectively and AVW is 
the volume of water entering or leaving the specimen. The volumes of the voids and 
the solids were determined from the final moisture content of the specimen and the 
external volume changes measured by the GDS pressure controller. The GDS data 
were found to underestimate volume changes by about 4% at 100°C because of 
volume changes in the drainage lines entering the oven, and this has been allowed 
for in calculating the specific volumes. The specific volumes of the specimens 
before and after heating under different consolidation pressures are given in Table 
app5.1.1 at the end of this chapter.
An estimated line drawn through the points, for the specimens at 50°C, gives 
the isotropic consolidation line, 50INCL as shown in Figure 5.10; another for the 
specimens at 100°C is 100INCL as shown in Figure 5.11. They are apparently 
parallel to the RTINCL, and their slope suggests that the compression index (A.) is 
a constant of 0.16 irrespective of temperature change.
The 50INCL and 100INCL, in the v:ln(p') space, can be expressed as 
follows:
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v=v<7-Aln(/7/)
where v and v0 are specific volumes corresponding to mean effective pressure p' and 
p’ = l kPa respectively and v0 = 3.053 for 50INCL, and 3.04 for 100INCL. This 
observed changes in specific volume for Kaolin C1C with temperature change are 
quite comparable to the results of other observations by Kuntiwattanakul et al (1995) 
on drained heating of a kaolin from 20° to 90°C.
The vertical separation between the RTINCL and 50INCL is Av = 0.007 
while the vertical separation between the RTINCL and 100INCL is Av = 0.02. 
These values of Av are small compared with the results from other studies with illite, 
for example Campanella and Mitchell (1968). It is uncertain whether this is because 
of differences in the material or because of a different definition of v adopted 
previous authors. If no allowance is made for the changes in volumes of the water 
and solids, then apparently much greater changes in specific volume are estimated. 
The separations of the INCL lines are very small compared with the scatter in the 
data, so in determining the positions of the 50INCL and 100INCL, an best estimated 
line was deliberately drawn through the 100°C points to determine the 100INCL 
first. The 50INCL was then drawn through most of the 50°C points between the 
RTINCL and 100INCL.
The adjusted 50°C points and 100°C points shown in Figures 5.10 and 5.11 
denote the states of the specimens at the end of isotropic compression at 50°C and 
100°C respectively. Shown in each of these figures the points all lie below the 
RTINCL, and in a narrow band showing a general trend parallel to the RTINCL. 
The deviations of the points from the best estimated 50INCL and 100INCL lines are 
small, compared with that in the room temperature tests given in chapter 3, except 
the points for 50°C at 650 kPa. The scatter of the points could in part be caused by 
experimental errors, and in part be due to the different stress histories of the
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specimens. However the parallelism of the isotropic consolidation points at different 
elevated temperatures suggests that they are unaffected by the order of mechanical 
and thermal consolidation. The parallel compression lines are not consistent with the 
reduction in volume change discussed in 5.4.1
Figures 5.12 and 5.13 show the results from isotropic swelling and 
recompression on two specimens, 50CU6 and 100CU4, from which the swelling 
indices of the specimens were obtained at 50°C and 100°C, respectively. The 
swelling indices determined from these two tests have been adopted as typical values 
at their corresponding temperatures. The value of k determined at 22°C is 0.044 
while the values of k determined at 50°C and 100°C are almost the same being 
0.046. The value of k for Kaolin C1C appears to be unaffected by temperature 
changes, but this is based on only two tests conducted at elevated temperature. 
However, there is a small difference between the values of k which may have been 
due to the changes in inter-particle repulsive pressure because of the temperature 
changes. This repulsive pressure might increase as the absolute temperature of the 
soil increases as suggested by Mitchell (1976). In the present research programme 
there is insufficient evidence to determine whether the swelling index of Kaolin C1C 
is affected by temperature. However, studies by others such as Campanella (1965), 
Laguros (1969), and, Demars and Charles (1982) have suggested that k is constant 
irrespective of temperature.
5.4.3 Response of the specimens during heating
5.4.3.1 IJndrained heating
Development of pore pressure
For the specimens in Group 2 and for the specimen UNEXPN, the 
temperature was increased in the isobaric thermal consolidation phase with the 
drainage taps closed. Although no drainage occurred from the cell, the specimens
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were not subjected to truly undrained conditions because heating caused volume 
changes in the drainage lines between the taps and the specimen. Thus there was a 
small volume of water exchanged between the specimen and the drainage lines. This 
volume change has been demonstrated to be about 800 mm3 (section 4.3.6) for a 
temperature increase from 22°C to 100°C which corresponds to a volume strain of 
about 0.4%.
Figure 5.14 shows the pore pressure development for specimens undergoing 
"undrained-heating" at different pressures and temperatures. It can be seen, in 
Figure 5.14, that the pore water pressures develop almost linearly with temperature 
rise from 22°C to 100°C. However, the rate of pore pressure increase depends on 
the initial effective stress. As the stress level increases so does the rate of pore 
pressure increase. The data in Figure 5.14 have been replotted using normalized 
pressure, u/p0', against temperature in Figure 5.15, where the excess pore pressures 
are normalized by the effective pressures, p0', at the start of heating. Figure 5.15 
shows that the normalized curves all lie close to each other and develop almost 
linearly with the temperature. For these normally consolidated kaolin specimens, the 
excess pore water pressures increase linearly and in direct proportion to the initial 
effective stresses in undrained heating. Although, no data for initially 
overconsolidated specimens have been obtained, it is expected that a similar response 
will be observed as heating involves a reduction in effective stress. It is noted in 
Figure 5.14 that there is an initial jump in pore pressure because of the lag in the 
temperature increase reaching the thermocouple in the specimen. Also it can be seen 
in the same figure that the pore pressures at 50°C appear to increase, whereas at 
100°C the pore pressures appear to reduce with time. The cause of this behaviour 
which is independent of the effective stress is unknown. Perhaps it could be related 
to volume change in the drainage lines (section 4.3.6).
In order to obtain further information on the undrained thermal expansion of 
Kaolin C1C, a special test, UNEXPN, was carried out. In this test only bottom
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drainage to the specimen was allowed so that less volume change of the water in 
drainage lines within the cell was expected due to heating. However, it made the 
specimen take four times longer for equalization of the excess pore pressures for 
each temperature increment of 25°C. This appears to have had little influence on 
the volume strains to be discussed below and pore pressure changes in the specimen.
After saturation, the specimen was first consolidated at room temperature 
under an isotropic pressure of 400 kPa, and only bottom drainage was allowed. 
After completion of the primary consolidation, the tap to the bottom drainage was 
closed, and the triaxial cell was opened to allow re-positioning of the targets and the 
proximity gauges to enable better measurements for the local strains in the 
subsequent mechanical consolidation of the specimen. The triaxial cell was closed 
and the specimen was compressed again using an isotropic pressure of 400 kPa. At 
the end of recompaction, the specimen was heated up in increments of 25 °C from 
22°C to 100°C under undrained conditions with measurements of pore pressure and 
thermal expansion. Then, the specimen was allowed to cool straight down to room 
temperature (about 22°C) also under undrained conditions, by switching off the 
power to the oven. In test UNEXPN the specimen was subjected to two cycles of 
heating and cooling at initial effective stresses of 400 kPa and 650 kPa. It can be 
seen from Figures 5.14 and 5.15 that the responses of the specimen during heating 
are identical to other tests. During cooling different degrees of hysteresis are 
observed in the pore water pressure recovery in the two cycles. This may have been 
due to the different rates of temperature change during heating and cooling of the 
specimen, and due to the lag of the specimen reaching the ambient temperature. 
Campanella et al (1968) also observed hysteresis in pore pressure-temperature 
relationship. Figure 5.15 shows that negative excess pore water pressures remain in 
the specimen after the cycles of heating and cooling. This may be due to inelastic 
behaviour, or to insufficient time being allowed for the specimen to reach 
equilibrium.
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The pore water pressure build-up during undrained temperature rises can be 
attributed to the difference in thermal expansion characteristics of the soil particles 
and pore water, and to physico-chemical effects. This is discussed further in chapter 
6.
Thermal strains
Only limited data on the strains during undrained heating were obtained from 
the Group 2 tests, i.e. 50CD2, 50CD4, 100CD2 and 100CD5, as shown in Table 
5.5. This occurred because the proximity gauges had a maximum range of 6mm and 
after consolidation at effective stresses of 650 and 1000 kPa, the axial deformations 
of the specimens were so large that the gaps between the gauges and the targets on 
the specimens exceeded or were very close to the 6 mm limit. Also during test 
100CD5 the data were lost due to a power failure. Because of these problems, a 
further test UNEXPN as mentioned above was performed. In the test UNEXPN, the 
relative positions of the targets to the proximity gauges were adjusted after initial 
consolidation at room temperature so that in subsequent stages the gauges could be 
closer to the specimens. Because one of the two axial proximity gauges had broken 
down, the axial deformation was only determined from a single proximity gauge. 
In earlier tests with top drainage, the top platen was observed to tilt due to the 
restraint provided by the drainage lines. Because only one gauge was working, it 
was decided to remove the top drain to reduce any tendency for the top platen to 
rotate so as to improve the accuracy of the axial deformation.
The measurements from the proximity gauges show that most of the thermal 
strains that occur during heating can be recovered during subsequent cooling as 
shown in Figures 5.16 to 5.18 and Table 5.5 which give respectively the axial 
strains, the radial strains, and the volumetric strains, ev (estimated using ev = ea + 
2er). The results from tests 50CD2 and 100CD2 are also shown in Figures 5.16 and 
5.17. Except for the radial strain of test 50CD2, the strains from the undrained 
heating of specimens 50CD2 and 100CD2 agree reasonably with those from of test 
UNEXPN.
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During the two cycles of heating and cooling in test UNEXPN, the thermal 
strains were observed to increase at a rate slightly reducing with temperature for a 
temperature rise from 22°C to 100°C. The axial strains were found to be greater 
than the radial strains in the first cycle, but the thermal strains were then found to 
be more uniform in the second cycle. It might be because that the sample was not 
isotropic when it was formed in the brass mould; the anisotropy was not thoroughly 
erased in the subsequent isotropic consolidation at low stresses, but could be 
significantly reduced as the sample was subjected to further consolidation at high 
stresses. Thermal strains were apparently not isotropic at low stresses, but expected 
to be isotropic as the sample was compressed to high stresses. It can be seen from 
Figures 5.16 and 5.17 that most of the strains experienced by the specimen during 
heating are recoverable, suggesting a thermoelastic behaviour for the specimen 
subjected to cycles of heating and cooling. This thermo-elastic behaviour of the 
specimen may be analogous to the mechanically elastic behaviour in the 
recompression of an overconsolidated soil specimen.
For test UNEXPN, the axial and radial strains measured in the first cycle 
with Po' = 400 kPa are greater than in the second with p0' = 650 kPa. The thermal 
strains due to temperature change are therefore apparently stress level dependent. 
This is consistent with the pore pressure development, described in the last section, 
which was greater at p0' = 650 kPa than at 400 kPa. It is also consistent with our 
expectations for soil modulus is known to be stress level dependent. The observed 
thermal strains enable the values of the coefficient of effective thermal expansion of 
the soil under undrained conditions, Bun = ev/AT, at different stress levels and 
temperature increments to be estimated as given in Table 5.5. The average values 
of were found to be 0.37E-3 (positive sign denotes expansive strains) for a 
temperature rise from 22°C to 50°C, and 0.23E-3 when temperature increased from 
50°C to 100°C. The actual values slightly decrease with increasing pressure.
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5.4.3.2 Drained heating
Thermal strains of the specimens
The drained thermal strains in response to temperature rise following different 
thermomechanical consolidation paths are given in Table 5.5 for specimens subjected 
to undrained heating before allowing drainage; and in Table 5.6 for specimens 
subjected to drained heating at different effective pressures.
In Table 5.5 very limited data are available for the Group 2 specimens in the 
draining process, marked with (D). Only the data from Test 50CD2 allow a 
comparison between the internal and external measurements, and give a B value of 
about -0.5E-3/°C for p0’= 650 kPa. However, as noted above the radial strains 
during undrained heating were not consistent with other tests and the agreement 
between external and internal measurements during drainage could be fortuitous. 
Table 5.6 shows the strains measured during slow drained heating. As with the 
undrained tests axial proximity gauge readings could only be obtained in a few tests, 
and comparison between the internal and external estimations of the volume strain 
is only possible for p0'=  100 kPa. For test 50CD3 with p0'=  400 kPa the axial 
strain measurements were unreliable because only one gauge was functioning and the 
top platen was observed to have tilted at the end of the test. For the other tests 
agreement between the internal and external measurements varied from excellent for 
tests 100CU6 to poor for test 100CU1. No consistent pattern can be seen. There 
are several reasons why agreement may not be expected: the assumption of uniform 
strain in the triaxial samples is unlikely and radial strains measured at the centre are 
likely to overpredict the average; the estimation of volume strains from external 
measurements requires corrections to account for volume changes in the drainage 
lines during heating, and requires assumptions about the coefficients of expansion of 
soil particles and water. The internal and external measurements of thermal strains, 
B (and Bun) and dv/(vAT), as discussed above and given in Tables 5.5 and 5.6 are
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plotted against mean temperatures and effective confining pressures respectively in 
Figures 5.19 and 5.20.
In this research programme, no attempts have been made to measure the 
values of a s, and a w for Kaolin C1C and for the pore water respectively.
However, water is a well-known substance and its properties have been 
extensively studied and documented in many textbooks such as one by Ozisik (1985). 
The value of a w has been found to increase almost linearly with temperature over 
the temperature range from 4°C to 200°C, suggesting that a w can be approximately 
estimated using a linear expression as follows:
aw=(1.5E-6)T+{&JE-6)
where T is the temperature of water in degree Celsius (°C) in the range from 4°C 
to 200°C. Formulation of the above expression for a w is given in appendix 5.2.
The coefficient of thermal expansion for Kaolinite has been measured by 
McKinstry (1965), and has also been used in the analysis of thermomechanical 
behaviour for a Kaolin by Baldi (1988). Examination of Kaolinite using the X-ray 
diffraction technique was performed at the Department of Chemical Engineering, 
University of Sydney. The results, as given previously in appendix 3.1, revealed 
that Kaolin C1C is mainly composed of Kaolinite and only small amount of other 
minerals. The thermal properties of Kaolinite can therefore be considered to be the 
properties of Kaolin C1C. It is thus assumed that the coefficient of thermal 
expansion, a s = 29 x 106/°C, for Kaolinite is identical to that of Kaolin C1C.
The coefficient of effective thermal volume expansion of soil, 8
The coefficient of effective thermal expansion of soil, 8, is defined as the
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ratio of total volumetric strain (i.e. A V ^V J to the temperature change, (T - T0). 
Alternatively, it can be expressed using the terminology adopted by Campanella and 
Mitchell (1968) as follows:
( A Fm) at= a A  A T+ a stv m^  T
or,
(a k j at=p k  A r
Av
6 = ------- —
v a tm
=_ ^
A T
where as is the thermal coefficient of volumetric expansion of mineral solid, and a st, 
is the physico-chemical coefficient of structural volume change as defined by 
Campanella and Mitchell (1968).
Baldi et al (1988) pointed out that the occurrence of thermal strains of clay 
skeleton was a complicated and complex process governed by a number of factors 
including changes in pressure and temperature as well as the stress history of the 
soil. In this research work, an attempt has been made to measure the values of ft 
using the proximity gauges as the soil specimens were subjected to drained or 
undrained heating under different consolidation pressures. The values of 8, ev/AT, 
were acquired by analysing directly the data from the proximity gauges and could be 
obtained indirectly from the GDS data, dv/(vAT), as shown in the Tables 5.5 and 5.6 
and Figures 5.16 to 5.20. The relationship between 8 and dv/(vAT) is given in the 
appendix 5.3. The former is different from the latter approximately by a factor a s.
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For values of dv/(vAT) were found to be in the order of 1 x 104, the influence of 
a s, equal to 29 x 106 for Kaolinite, on the B-value is therefore significant.
It was found from analysis of the data that B values vary with temperature 
during drained heating at different pressures, and could be expressed using two linear 
functions respectively for the pressures of 100 kPa and 650 kPa: 
for 100 kPa
for 650 kPa
ß =(8.08x10 6)T - (5.61 x lO 4)
P=(8xl0 7) r  -  (4.9x10 4) 
where T is the temperature in degree Celsius (°C).
As complete and reliable proximity-gauge data for p0' = 400 kPa tests were 
not obtained, interpolation was made to give an expression for the variation of B- 
value with temperature for the pressure of 400 kPa as follows:
P=(4.8x 10'6)7  - (5.7x10 4)
5.4.3.3 General discussion
The data given in Tables 5.5 and 5.6 and Figures 5.16 to 5.20 show the 
behaviour of the specimens as follows:
(1) For a given increase in soil temperature, the drained thermal strain increases 
as the applied pressure on the soil increases.
(2) The coefficient of thermal expansion, B, is not a constant, it appears to
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increase as the applied pressure on the specimen increases but to decrease 
with increasing temperature.
(3) The measured values of 6 for drained heating are all negative, indicating that 
the volume change of normally consolidated Kaolin C1C specimens is 
compressive;
(4) For undrained heating, the 8^ values are positive, suggesting an expansive 
volume change for the soil. The value of 8^ was found to vary with 
increasing temperature, but not to change significantly with stress level.
5.4.4 Drained tests
Typical results from the drained triaxial compression tests on NC specimens 
are shown in Figures 5.21 to 5.24. Tables 5.7 and 5.8 give data on the failure 
conditions for 50°C and 100°C specimens, respectively. In each of the figures, 
responses from specimens tested at 22°C, 50°C, and 100°C are shown together to 
demonstrate the effect of temperature on the stress-strain behaviour. In the drained 
tests, all specimens failed with the formation of rupture bands at large axial strains 
accompanied by varying amounts of volumetric strain that depended on the initial 
stress states and test temperatures.
Figure 5.21 shows that there is no practical difference in the peak deviator 
stresses attained at the different temperatures. But, at other confining pressures such 
as p0' = 400 and 1000 kPa as shown in Tables 5.7 and 5.8, and in Figure 5.23, it 
is noticed that, although not great, there are some differences in at different 
temperatures. Perhaps the differences were affected by the order of mechanical and 
thermal consolidation. However, the axial strains at which failure of the specimens 
occurred are different. The axial strains at failure reduce as the temperature 
increases, and the responses become stiffer. The reduction in axial strain at failure
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and increase in stiffness is not apparent in Figure 5.21 for a temperature increase 
from 22°C to 50°C. In part this is because the temperature rise of 28°C is relatively 
small and the effects of temperature may have been masked by experimental errors. 
However, tests at other confining pressures show that there is a general trend for 
reducing axial strain and increasing stiffness with increasing temperature.
Furthermore, Figure 5.22 shows that the volumetric strains reduce 
significantly as the temperature increases. Similar results were observed at other 
confining stresses.
Figure 5.23 shows the effect of confining stress on the responses from 
drained tests at 100°C. To enable comparison of the results, the deviator stresses 
have been normalized by the effective confining stresses at commencement of 
shearing. These responses may be compared with the average response obtained 
from the tests at room temperature, 22°C. For the range of pressures used, the 
normalized deviator stress, axial strain response gave a unique curve at 22°C (see 
Figure 3.6(b)), as expected for a normally consolidated clay. However, Figure 5.23 
shows that at 100°C there is a clear effect of confining stress on the results. 
Increasing confining stress gives progressively lower normalized strengths and lower 
normalized stiffness. A similar pattern was not evident in the tests at 50°C, perhaps, 
because the temperature effect was small. The associated volumetric strains are 
shown in Figure 5.24. This figure shows a range of responses at 22°C with 
increasing confining stress giving reduced volume strains as expected and discussed 
in Chapter 3. However, at 100°C the volumetric responses appear to be unaffected 
by confining stress.
The volumetric strains at failure of the 50°C tests, not shown in the figure, 
are similar to those from 22 °C tests.
It is clear from Figures 5.21 to 5.24 that increasing temperature can have
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significant effects on the response of normally consolidated soil. Increasing 
temperature has reduced the ductility of the specimens, and this effect appears to be 
most marked at lower confining stresses.
5.4.5 Undrained tests
Typical results from the undrained triaxial compression tests on NC specimens 
are shown in Figures 5.25 to 5.28. Tables 5.7 and 5.8 summarize some data for the 
50°C and 100°C specimens, respectively. In each of these figures, the typical 
responses of the specimens tested are normalized by their corresponding 
consolidation pressures (i.e. p0' at the corresponding testing-temperature). Figure 
5.25 shows that for the 100°C tests, the effect of confining stress on the undrained 
responses are similar to on the drained responses as shown previously in Figure 5.23.
Inspection of Figures 5.26 to 5.28 shows that temperature appears to have little 
effect on the undrained responses in contrast to the behaviour in drained tests. 
However, in both types of tests failure occurred at large axial strains with formation 
of rupture planes with the axial strain at failure reducing with increasing temperature. 
The average room temperature response does indicate slightly higher mobilized 
deviator stresses, but the differences in stiffness are small and the pore pressure 
responses are effectively identical.
Figures 5.29 to 5.31 show responses of specimens with OCR = 1.54 in 
undrained tests at 50°C and 100°C. The responses have been normalized with their 
corresponding confining pressures. Also shown on the figures for comparison are 
the responses of samples with OCR = 1.25 and 1.75 for the tests at 22°C. It can 
be assumed that the responses of the soil with OCR = 1.54 at room temperature lie 
between these two curves. Again it can be seen that the increasing the temperature 
to 100°C results in reducing axial strain at failure. But unlike the tests on the 
normally consolidated specimens there is a clear effect of temperature on the results. 
Initially, for axial strains less than 1 % the responses were practically identical, but
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the responses diverged as the specimens approached their peak strengths. Figure 
5.31 shows that increasing temperature results in reducing pore pressure development 
at failure. As has been seen in previous sections the value of p0' effects the 
responses of normally consolidated specimens, and a similar pattern may be expected 
to occur in overconsolidated specimens.
Values of Poisson's ratio for the soil have also been determined from the 
50°C and 100°C drained and undrained tests. The average values (as shown in 
Table 5.10) were found to be 0.3 and 0.36 for 50°C and 100°C respectively. The 
difference in Poisson ratio seems to be large, but the data are very limited, and this 
difference may have been a result of scattered data and experimental errors. Shear 
moduli, G and G50, have also been determined from the drained and undrained tests 
at different temperatures. The average values, G/p0', G50/cu, G50/po', given in Table 
5.9 principally agree with the results given in Table 3.4 for the tests at room 
temperature, suggesting that the shear modulus is unaffected by temperature.
5.5 Analysis of the test results
General
The general findings from the drained and undrained tests conducted at 
different temperatures are that both the drained and undrained strength of the 
normally consolidated specimens are affected by temperature. The stress-strain 
response of the drained normally consolidated (NC) specimens is affected by 
temperature, and so is the response of undrained overconsolidated (OC) specimens.
In the following sections, the results are analysed to investigate how the 
concepts of critical state soil mechanics are affected by temperature. The critical 
state soil parameters are determined from the tests at different temperatures. The
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specific volumes of the specimens have been corrected so that the initial room 
temperature specific volumes lay on the estimated room temperature isotropic normal 
consolidated line as discussed in 5.4.1.
5.5.1 Failure stresses and strains
In most of the tests performed, failure of the specimens occurred with the 
development of rupture planes and subsequent softening. In the data presented, the 
post failure response has been omitted as it is not considered to be representative of 
the material behaviour. As have been mentioned in the preceding sections, the 
stresses and strains at failure of all the specimens are given in Tables 5.7 and 5.8.
Figure 5.32 shows the failure points from all the tests conducted at 50°C in 
a plot of specific volume, v, against logarithm of the mean effective stress, lnp'. 
The estimated INCL at 50°C (from Figure 5.10) and the critical state line at room 
temperature (RTCSL) from Figure 3.8 are shown on Figure 5.32 for comparison. 
It can be seen that most of the failure points of the 50°C tests lie close to the 
RTCSL. In some of the tests the specimens failed well before they reached their 
ultimate state, and for those tests arrows indicating their directions at failure are also 
marked on Figure 5.32. Inspection of the Figure 5.32 suggests that the RTCSL may 
also be the critical state line for the Kaolin C1C specimens at 50°C.
Figure 5.33 shows the failure points in a v:lnp’ plot for all the tests at 100°C. 
At this temperature all the drained specimens failed with only small volume strains 
at states close to the estimated INCL at 100°C. Arrows indicate the directions that 
the paths were heading at failure. The undrained specimens, in contrast, all reached 
failure at points close to the estimated RTCSL. Because of increasing brittle 
behaviour, failure occurs further from CSL at 100°C than at 22°C.
For comparison, the failure points for all the tests at the three different
153
Chapter 5- Consolidated Triaxial Compression Tests at Elevated Temperatures
temperatures are shown together in the v:lnp' space in Figure 5.34. It can be clearly 
seen from this figure that the failure states of the specimens tested at different 
temperatures lie in a narrow band except for the drained tests at 100°C. This 
suggests that the critical state line in the v:lnp' space for Kaolin C1C is unaffected 
by the temperature, at least for the range of temperatures employed in this research.
There were difficulties in determining the exact positions for the INCLs at 
different temperatures, and the difference between the INCL lines is small. It is 
possible that similar small differences exist for the CSL line but due to the limited 
data, it is not possible to detect any trend with temperature.
One way of examining this is to investigate the relation between the 
incremental plastic strain ratio, Aevp/Aes, and the stress ratio, q/p', at failure. A 
similar approach was used in chapter 3 for the 22°C tests. When Aevp/Aes is zero at 
failure the specimens may be assumed to have reached a critical state. Figures 5.35 
and 5.36 show the relation between the stress ratio (q/p')f at failure and the 
calculated strain ratio (Aevp/A€s) at failure for all the tests. The figures show that 
(q/p')f increases as (Aevp/Aes) decreases. Best fit lines have been drawn through the 
data and indicate that the value of (q/p’)f is about 0.75 when (Aevp/Aes) is zero at 
50°C (Figure 5.35); and about 0.8 when (Ae^Ae,) is zero at 100°C. Previously it 
has been found that (q/p')f is 0.8 when the strain rate is zero at 22°C. Inspection 
of these figures indicates that several, mostly drained, tests are still some distance 
from their critical states when failure occurs. These data suggest that the critical 
state stress ratio is 0.8 irrespective of the temperature. The value at 50°C was found 
to be slightly less than 0.8. This may have been a result of the limited and scattered 
data.
The failure states for all the tests are shown in the q:p' space in Figure 5.37. 
All the points shown in Figure 5.37 fall in a narrow band in the q:p' space 
irrespective of temperature. At high stresses the drained tests tended to fail well
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before reaching a critical state. Unfortunately, there are no undrained tests failing 
at high stresses for comparison. These points have arrows indicating this and their 
path directions at failure. As a result the failure locus appears to curve at high 
stress. This is thought to be a consequence of the end restraint in the triaxial test 
and not to represent the true material behaviour. From Figures 5.35 and 5.36 the 
critical state stress ratio has been estimated to be q/p' = 0 .8  and this is shown on the 
figures. Clearly most of the normally consolidated specimens fail close to this line.
From the above discussion it appears that the critical state is unaffected by 
temperature for this soil. But, only limited data were obtained, and many specimens 
failed before reaching a critical state. Therefore more tests are needed to justify this. 
Also there are no data from other studies to show how temperature effects the critical 
state of a kaolinitic clay, and only very limited data are available for other materials. 
Kuntiwattanakul et al (1995) conducted consolidated undrained triaxial tests on a 
kaolin at different temperatures in the range of 20°C to 90°C at low stress levels 
(less than 200 kPa), and observed that in normally consolidated state the shear 
strength and stiffness of the specimens, when sheared at 90°C, were higher than 
those of the same specimens at 20°C. But, whether or not this phenomenon would 
still remained at high stress levels was not addressed by the authors. Houston et al 
(1985) found from testing an illitic ocean sediment, also at low stress levels, that the 
peak friction angle, <f>\ and soil cohesion, c ', increased with increasing temperature 
from 4°C to 200°C. The soil studied by Houston was also a normally consolidated 
soil, and it might be that its peak strength and its ultimate strength would be almost 
the same. However, there are noticeable differences in the stress-strain responses to 
the temperature changes between Kaolin C1C discussed in this thesis and the illitic 
ocean sediment reported by Houston et al (1985). Perhaps illitic soil is more 
susceptible to temperature effects than Kaolin.
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5.5.2 Critical state parameters from the tests
The critical state soil parameters for Kaolin C1C at different temperatures 
have been determined from the test results and are given in Table 5.10. It is obvious 
that these parameters are mostly unaffected by temperature for the range of 
temperatures from 22°C to 100°C.
5.5.3 State paths of drained and undrained tests in normalized (q/pe: p7pc)
space
Typical data from the drained and undrained tests at 50°C and 100°C are 
shown in the normalized stress space, q/pe: p'/pc in Figures 5.38 and 5.39. The 
stress paths have all been slightly corrected so that the initial states all lie on the 
corresponding INCL lines and start with a value of p'/pc = 1. The purpose of doing 
so is to facilitate the comparison of the stress-strain responses at different 
temperatures. But, the normalizing parameter, pc in respect of a given INCL, is 
different at different temperatures. The definition of pe has been given in the 
previous chapter 3 but it is now a function of temperature.
In chapter 3 it has been shown that at 22°C the drained state paths lie above 
the undrained paths from the start (see Figure 3.12), but as failure is approached the 
paths merge together. Similar patterns are observed at 50°C and 100°C, but the 
difference between the drained and undrained paths increases with temperature. 
Figure 5.40 shows that the normalized undrained path is essentially identical at all 
three temperatures, but the normalized paths for the drained tests are a function of 
temperature. This may have occurred because the plastic strains of the specimens, 
which may be a function of temperature, were much greater in the drained tests than 
in the undrained tests. If the CSL is fixed while the INCL moves with a temperature 
change, some differences of this kind would be expected. Thus, temperature may 
have more effect on the drained state paths than undrained state paths for the range 
of temperatures from 22°C to 100°C.
156
Chapter 5- Consolidated Triaxial Compression Tests at Elevated Temperatures
5.6 Conclusions
The influence of temperature on the stress-strain behaviour of Kaolin C1C
may be summarized as follows:
(1) The results of isotropic thermomechanical consolidation of the specimens 
carried out at different temperatures suggest that the coefficient of 
consolidation of Kaolin C1C, cv, varies with both applied pressure and 
temperature. The values of cv increased with the applied consolidation 
pressure, and at a given consolidation pressure, the values of cv increased 
with temperature. The increase in cv with increasing temperature may be 
mostly explained by the change in viscosity of the pore water due to elevated 
temperature. In addition some minor effects due to physico-chemical changes 
in the soil associated with the temperature change may have occurred.
(2) A family of isotropic normal consolidation lines, INCLs in the v:lnp' space, 
for Kaolin C1C at different temperatures were demonstrated. The INCLs are 
parallel to each other, but separated by different amounts. The vertical 
separations between the INCLs can be used to estimate changes in the specific 
volume of Kaolin C1C due to temperature changes.
(3) The results obtained from cycles of undrained heating and cooling revealed 
that both the axial and radial thermal strains were of the same order of 
magnitude and mostly recoverable during cooling. This phenomenon suggests 
that at least under isotropic conditions undrained heating causes thermally 
elastic behaviour of the specimen, analogous to the mechanically elastic 
behaviour in the recompression of an overconsolidated soil specimen.
(4) The development of excess pore water pressure during undrained heating was 
found to increase linearly with temperature, and proportionally to the stress
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levels. Differences in development of the pore water pressure between 
heating and cooling suggests that rate of decrease or increase of temperature 
also influences the pore pressure responses.
(5) The results of the drained compression tests at different testing temperatures 
showed that the drained strengths of the specimens were affected by 
temperature. Both the axial strains and the volumetric strains at failure 
reduced significantly as the testing temperature raised from 22°C to 100°C. 
That is the specimens became less ductile at higher temperature.
(6) The results of the undrained compression tests on the normally consolidated 
specimens showed that temperature appeared to have little effect on the 
undrained responses in contrast to the behaviour in drained tests. However, 
the axial strain at failure reduced with increasing temperature. But, unlike 
the tests on the normally consolidated specimens there appears (from the two 
undrained tests) to be an effect of temperature on the undrained strengths and 
failure axial strains of overconsolidated specimens.
(7) Critical state parameters for Kaolin C1C were determined from the tests 
carried out at 50°C and 100°C. Rise in temperature was found to cause the 
INCL to shift in the v:lnp' space, and the shifted INCL was found to be 
parallel to the RTINCL. The critical state line was found to be apparently 
insensitive to temperature for temperatures in the range from 22°C to 100°C.
(8) The drained and undrained state paths in the q/pe:p'/pe space were not 
coincident at the three temperatures. The differences were found to increase 
with temperature.
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Table 5*1
Programme of triaxial tests on Kaolin CIC at elevated temperatures
Shearing after consolidation
p0’(kPa) 50°C 100°C
Group 1 400 CU CU
650 CU CU
Group 2 650 CD CD
1000 CU CU
Group 3 400 CD CD
1000 CD CU
Note:
CU: Consolidated undrained compression test 
CD: Consolidated Drained compression test
Table 5.2
Average cv values from isotropie compression at different pressures and 
temperatures
*Po Ave. cv22 Ave. cv50 Ave. cv)00
kPa mm2/min. mmVmin. mmVmin.
20 - 100 2.47 - -
100 - 400 3.37 5.9 13.3
100 - 650 4.11 8.99 15.32
100 - 1000 4.99 - -
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Table 5.3
Viscosity of water at different temperatures (after White, F. M. 1988)
Viscosity of water Temperature
kg/m.s °C
0.9516E-3 22
0.548E-3 50
0.282E-3 100
0.2227E-3 125
Table 5.4
Comparison between cv ratios of kaolin C1C and viscosity ratios of pore 
water, p, at different temperatures
Ratios of water viscosity at 
different temperatures
^ l
Po 100 100 M,22^Pso P22^PlOO
kPa 400 —t 650
C v 5 ( / C v 2 2 1.7533 2.1858 1.74 -
C v l 0 ( / C v 2 2 3.9525 3.724 - 3.37
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Appendix 5.1
Typical data sheet for analysing data from a drained test
Test - 100CD3
After test
Weight of dry specimen = 213.82 g 
Weight of water = 84.57 g 
Unit weight of water at 22°C *  1 g/cm3 
Specific gravity of Kaolin C1C = 2.6 
therefore,
volume of solid, Vs22 = ( 213.82 / 2.6 ) x 1000 
= 82238.5 mm3
volume of water, Vw22 = 84570 mm3 
Thermal expansion coefficient of Kaolin, a, = 29E-6/°C 
therefore,
volume of solid at 100°C, Vsl00 
Vsl0o = Vs22 ( 1 + «. ( 100 - 22 ))
= 82238.5 x 1.0023 
= 82424.5 mm3
Measured volumetric change, by GD£.Jluring_cQQiing down
AVW = 35110 - 39234 
= -4124 mm3
Change in volume due to contraction Qf the system
AVwsy = 883.1 mm3
Volume of water in the specimen at the end of the test
Vwend = 84570 - 4124 + 883.1 
= 81329.1 mm3
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Note: this is the volume at 22°C
However, Vwend at 100°C differs from Vwend at 22°C by a factor of 1.037 (see 
appendix 5.2); therefore,
Vwendl00 = 81329.1 x 1.037 
= 84338.3 mm3
Volume of water in the specimen atia ilure where q = qmax
^Vw ^wendlOO -  Vwf
= 39234 - 39070 
= 164 mm3
... v wf = 84338.3 + 164 x 1.037 
= 84508.4 mm3
Void ratio of the specimen at failure. ef
ef =  ( Vwf / Vsl00)
= 84508.4 / 82424.5 
= 1.0253
Change in volume during shearing
AVW = 4225 x 1.037 = 4381
Void ratio of the specimen before shearing. econioo
e conl00 =  (  V wf +  A V W )  /  V s ioo
= (84508.4 + 4381 ) / 82424.5 
= 1.078
Change in volume of the specimen during drained heating
AVwdr = 5504 - 883.1*
= 4620.9 mm3
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* correction of system expansion 
At 22°C,
Vw = ( Vw,oo/ 1.037 ) + AVwdr 
= ( 88889.4 / 1.037 ) + 4620.9 
= 90338.7 mm3
Void ratio of the specimen before heated. econ??
®con22 V w /  V s22
= 90338.7 / 82238.5 
= 1.0985
Cross-check this econ22 with that estimated from 1NCL
eCon22 = ( 3.06 -1 ) -  0.16 xln(400)
= 1.1014
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Typical data sheet for analysing data from an undrained test
Test - 100CU6
Aftertest
Weight of dry specimen = 213.17 g 
Weight of water = 84.02 g 
Unit weight of water at 22°C *  1 g/cm3 
Specific gravity of Kaolin CIC = 2.6 
therefore,
volume of solid, Vs22 = ( 213.17 / 2.6 ) x 1000 
=  81988.5 mni3
volume of water, Vw22 = 84020 mm1 
Thermal expansion coefficient of Kaolin, a s =  29E-6/°C 
therefore,
volume of solid at 100°C, Vsl00 
Vsl0o = Vs22 ( 1 +  a, ( 100 - 22 ))
= 81988.5 x 1.0023 
= 82177.1 mm3
Measured volumetric change, by GPS, during cooling down
AVW = 38131 - 38495 
=  -364 mm3
Change in volume due to contraction of the system
AVwsy = 883.1 mm3
Volume of water in the specimen at the end of the test
Vwcnd = 84020 - 364 + 883.1
208
Appendix 5.1
=  84539.1 mm3
Note: this is the volume at 22 °C
However, Vwend at 100°C differs from Vwend at 22°C by a factorof 1.037 (see 
appendix 5.2); therefore,
Vwcndl00 =  84539.1 x 1.037 
=  87667 mm3
N.B. This is the volume of water, at 100°C, in the specimen at failure where
••• Void ratio of the specimen at failure. ef
e f =  ( Vwend 100 f  V sl00 )
= 87667 / 82177.1 
=  1.067
Volume of water change during consolidation aLlQQ°Cfc_ A_VW
AVW = 19431 x 1.037 =  20149.9 mm3
Void, ratio of the specimen after drained heating.. -OsallOO
s^atlOO ( Vwen(j T  AVW ) / V jjqq
= (87667 +  20149.9 ) / 82177.1 
=  1.312
ChangeJ n yolume of the ^ c im en  during drained heating
AVwdr =  5428.1 - 883.1*
=  4545 mm3
* correction of system expansion 
Note: this is the volume at 100°C.
At 22°C,
Vw =  ( Vwl00 / 1.037 ) +  A Vwdr 
=  ( 107816.9 / 1.037 ) +  4545
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= 108515 mm3
Void ratio of the specimen,before heated. esat22
^sat22 V w /  V s22
= 108515 / 81988.5 
= 1.3235
Cross-check this e.„P7 with that estimated from 1NCL
eCon22 = ( 3.06 -1 ) - 0.16 x ln(100)
= 1.3232
210
Th
e s
pec
ific
 vo
lum
es,
 v,
 o
f n
orm
ally
 co
nso
lid
ate
d K
aol
in 
C1
C 
spe
cim
ens
 be
for
e a
nd 
aft
er 
hea
ted
 un
der
 di
ffe
ren
t c
ons
tan
t 
con
sol
ida
tio
n p
res
sur
es,
 p0
'.
co co co ! CO CO •cf ■*fr ■<+
W W w W W w W W W W WCCL f-H j VO oo r—H ON VO vo VO r r - H voco cs *—« <o »-' CO CO ON oo
o1 o1 o1 o1 o  1 . o1 o1 o1 o1 1 o  1 1
r- CO CO oo r- VO «O oo »O Ct(N oo <N o ?—H r-H f—H o t" f—H CO— * O r—i r-H j CO l-H f—H r-H M o n f—H !P o o °  ! o O O O O o o Oo o O O o o o' o o' i o
of- VO v o (N VO vor - CO VO r ~ r i> o o r - o ON •OCO CO o o ON
r i r i r i r i r - H
v o < o
o oON
f—H
OOf—H r—t o o f—H
> o oO
r i
o o<N
r i
o
r i
v oO n 1 1 1 1 1 1
>
'Vt
f— Ho
(NOoCO
CO<NO nO
CO> o
o
VOCOVOON
T—H
O nf—H
CO
«O
c o
r-O nO
VO
o
VO
VOv oON
VOvoON
<N r i r i r i T~ ~ * r i r i r i r i
r-H
O O O o O o o o o o O
CL o»— i o O■cf *oVO of—H o^H of—H o «oVO or-H or-H
G<Da r-H VO CO n rj- vovo CO r4 VO P |D P P P P<U P P P P P CJ CJ CJ CJ CJ CJCL CJ CJ cj cj cj o o o o o oCO o o o o o o o o o o o>o vo <o VO f-H r"~* 1 1 f ' f 1 1 1
303H
211
Appendix 5.2
Appendix 5.2
212
Appendix 5.2
Expansion o f water due to temperature rise
It is assumed that the coefficient of thermal expansion of water, a w, increases 
linearly with temperature varying over a range from 22°C to 100°C (see Figure A), 
irrespective of pressure change; it, therefore, follows that a small change in volume 
of water, dV, with respect to a small change in ambient temperature, dT, can be 
expressed as:
dv=  a w VdT  ( 1 )
a W=AT+B  (2)
rearranging (1) and substituting (2) into (1) for a w gives:
—  = ( A T + B ) d T  ( 3)
V
carrying out integration of (3) over a volume change from V0 to V 
corresponding to a change in temperature from T0 to T gives the following:
V T
f ^ f ( A T +B ) d T
Va Ta
=* l n ( . ~ - ) = ^ ( T 2- l i ) + B ( T - T 0) ( 4 )
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=* —  =E X P[— (T 2- l 20) + B ( T - T n) ]
VQ 2 °
Data regression for a w over temperature range from 22°C to 100°C gives A 
= 7.6E-6 and B = 7.8E-6; substitution for A and B in (4) gives the general 
expression for volume expansion of water as follows:
V= V0EXP [ 3.8 £-6 ( T2 -  T20) +7 . R£-6 ( T- Ta) ]
It follows from the last equation above that:
Vwioo~ 1-037 Vw22
VW50=1.007 8
o
Ì
'S
s
Thermal Expansion of Water
0 SO 100 190 200 250 900 350
Temperature, eC
Figure A
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The relationship between B and dv/(vAT)
Expression for B
By definition, B is the ratio of ev, effective thermal volumetric strain of the sample, 
to AT, the temperature change, as follows:
AT
G V
AVv+AVs ~A V w
V
where A Vv, A Vs, A Vw are changes in volumes of voids, solid particles, and the water 
of the soil because of a temperature change, AT. The coefficients of thermal 
expansion for the solid particles and the water are as and a w respectively. The 
individual volumetric changes of the soil constituents can be expressed as follows:
v A Vv= Vva  ^A T 
v A  V8= V8a  gA T
„ _ Vva wA r+ V ,« ,A r-A V „
V
■■■vs=v-vv
_ VvaJ±T+  ( VVv) A r - A  Vu 
■'■e r  V
_V'vA T ( a „ - a s ) +VasAT
V
■:Vv=nV
where n is the porosity of the soil,
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or,
_ n V b T ( a w- a a) +Vag£iT-A vw 
V
A V
= n i r ( o , - « s) + a sA 2’-  — *
A V
ev- a sAT =  n A T ( a w- a s) - —~  - - ( I )
Expression for dv/(vAT)
The specific volume at temperature tl, vtl
The specific volume, v„ as the temperature changes from ttl to t:
^ = l  +
Vv t iU  + a uA T ) - à V w 
vetl (1+ osA D
Change in v due to a temperature change from t,, to t, Av:
Vyti
Vs t l ( l * a s\T) Vstl 
_ vvtlA T ( « „ - a s) - A v„
It can be considered that:
d v  _ A v  _ VytiAT(au- a s ) -A Vw 
v  v
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Because Vv =  n V, where n is the soil porosity
d v _ n A T { a w- a s ) A V W
~ V  ( l  + a sA T) V ( l + a sA T)
or,
(1 + a i T )  —  =
s V
A  V
■ J i i T ( a „ - a s )
It follows from the expressions (1) and (2) above that:
e = (1 + a i T )  — +a_A TV  s v  s
and
1V " P  =A t ■ ( l  + a AT) - 4 ^ . + a s v A  T
d v« + a
v A T  9
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CHAPTER 6
CAM-CLAY MODELS AND THERMOMECHANICAL STRESS- 
STRAIN BEHAVIOUR OF KAOLIN C1C
6.1 Introduction
The thermomechanical behaviour of Kaolin C1C has been observed from the 
triaxial tests at different temperatures. The results have been reported in Chapter 3 
for the tests at room temperature (i.e. 22°C), and in Chapter 5 for the tests at 50°C 
and 100°C. In this Chapter, further analysis of the experimental data is made to 
investigate the thermomechanical behaviour of Kaolin C1C. An analytical approach 
has been implemented. The approach is made up of two parts. In the first part 
Seneviratne's method (1992) is used to investigate thermomechanical volumetric 
deformations of the soil and the development of the pore water pressure as the soil 
is subjected to different thermomechanical loading conditions. In the second part, 
the experimental data are compared with the predictions from different versions of 
the Cam-clay model. The comparison is in turn followed by some concluding 
remarks and suggestions for future development in this field of research.
6.2 Review of thermomechanical models
The first analytical model to enable investigation into the problems concerning 
soil behaviour in response to temperature change was proposed by Campanella and 
Mitchell (1968). They developed a theoretical approach to predict changes in pore 
water pressure and volumetric strains associated with changes in ambient 
temperature.
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Campanella and Mitchell (1968) proposed an expression to estimate the 
drained volume of water (AVdr)at for a saturated soil when subjected to drained 
heating to a temperature change, AT, under a constant effective pressure (Mitchell, 
1976):
(A Vm \ t <«•!>
where AVW and AVS are the volumetric changes of pore water and soil particles 
respectively, Vm is the total volume, the sum of Vs and Vw, AVSI is the volumetric 
change due to physico-chemical effects. Using this expression and the volumetric 
compressibility, they then demonstrate how it can be used to give the pore pressures 
in undrained heating.
They assumed that for a soil mass with grains in contact, and a uniform 
coefficient of thermal expansion the soil grains and the soil mass should experience 
the same volumetric strains, a sAT, when subjected to a temperature change, AT. 
The change in temperature may cause a change in interparticle forces, cohesion, and 
even a change in frictional resistance. These changes may in turn lead to some re­
arrangement and re-orientation of soil grains so that the soil structure can carry the 
same effective pressure, dependent on a coefficient ast named as the physico-chemical 
coefficient of structural volume change, and defined as:
vr A T
As a saturated soil is heated under undrained conditions, the development of 
the pore water pressure is a function of factors including the difference between the 
thermal expansion coefficients for soil grains and pore water (i.e. <x, - a w), the 
volumetric strain due to physico-chemical effects (aSTAT), and the compressibility
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of the soil structure (mv). An expression for the pore water pressure change due to 
the above-mentioned causes has been given by Mitchell and Campanella (1968).
Campanella and Mitchell's model enables a reasonably good estimate of pore 
water pressure changes, and indicates them to be dependent mainly on soil 
compressibility and pore water volume change caused by a temperature change. 
However, reliable predictions from the model necessitate a reliable value for the 
coefficient of structural volume change which is quite difficult to obtain using 
conventional triaxial testing equipment. The specially designed HTTA, detailed in 
chapter 4, enabled internal measurements of volumetric change for the soil subjected 
to drained or undrained heating. Campanella and Mitchell's model was thus used 
to evaluate the physico-chemical coefficients, a ST, for Kaolin C1C at different 
pressures and temperatures. But, Campanella and Mitchell's model is unable to 
predict the deviatoric stress-strain behaviour of soil at elevated temperatures. 
Besides, for a given soil, it is not explicit in the model whether c*sx is a constant 
irrespective of temperature and pressure changes, or is a function of some variables 
such as pressure and OCR of the soil (Seneviratne, et al, 1993). Another, difficulty 
with the application of this model concerns the parameter, mv, which is not a soil 
constant and varies with pressure and OCR.
Relatively little research has been carried out since then into the 
thermomechanical behaviour of soil. In the early 1980s some problems arose in 
relation to the burial of hot canisters of radioactive waste, and there has been 
renewed interest into how temperature may affect the stress, strain behaviour.
Implementation of the thermoelasticity theory in research on the 
thermomechanical behaviour of saturated porous media was pioneered by Biot (1941, 
1956). Attempts to develop this theory to study the response of material under 
anisothermal conditions have been made by many research workers to account for 
the temperature effects on the thermal expansions of both the pore fluid and the
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assumed elastic soil or rock matrix (Schiffman, 1971; Brownell et al, 1977; 
Morland, 1978; Derski and Kowalski, 1979; Bear and Corapcioglu, 1981; Bowen, 
1982; Palciauskas and Domenico, 1982; Noorishad et al, 1984; Booker etal, 1983, 
1984, 1985; and McTigue, 1986). Complete analytical results were obtained by 
Booker and co-workers (1983, 1984, 1985). They throw light onto the consolidation 
problems of soil around a hot object. Under some specific circumstances fully 
coupled solutions to the problems have been found.
Theoretical solutions after Booker and Savvidou (1983, 1984 and 1985) 
enable analysis of the coupled consolidation and heat-conduction problems. Britto 
et al (1992) applied these solutions to make a new version of the CRISP finite 
element program (HOT CRISP) to investigate geotechnical aspects related to the 
thermomechanical behaviour of soil.
In Booker, Britto and Savvidou's work, soil is considered as a linear elastic 
continuum. The analytical solutions to the problems concerned have satisfied the 
equilibrium, compatibility, and energy conservation conditions, and the conditions 
of heat conduction through the soil mass. It has been assumed in their model (Britto 
et al 1992) that a temperature change in the soil should cause a rise in the pore water 
pressure under undrained conditions, or a flow of water out of the soil under drained 
conditions as a consequence of the difference of thermal expansion of the pore water 
and the soil skeleton, the model also has an implicit assumption that physico­
chemical volumetric changes of the soil (Mitchell, 1976) can be ignored.
The models of Campanella and Mitchell (1986), and of Booker et al (1983, 
1984, and 1985) were developed to investigate mainly the consolidation behaviour, 
and the development of pore water pressure for soil subjected to a temperature rise; 
and the models can in general explain most of the phenomena regarding volumetric 
changes and pore pressure changes of the soil with temperature. But, these models 
are unable to explain the observed variations of the coefficient of consolidation with
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temperature for Kaolin C1C as described in chapter 5, they are unable to predict the 
deviatoric stress-strain behaviour of the soil at constant elevated temperature, and 
they cannot predict the differences in the stress-strain relationship of the soil at 
different temperatures. Experimental work in this thesis has demonstrated that these 
are significant shortcomings.
The approach of Britto et al (1984, 1987, 1992) was modified by Seneviratne 
et al, 1993 for inclusion in the finite element program AFENA (Carter and Balaam, 
1990) which enables complete prediction of thermomechanical stress-strain behaviour 
of normally consolidated soil (Seneviratne et al, 1993). The critical state of soil that 
has been assumed in AFENA program is a function of temperature, with different 
critical state lines at different temperatures. In contrast, it was observed from the 
tests on Kaolin C1C that the critical state line did not appear to change with 
temperature in the range from 22°C to 100°C.
Based on an extensive experimental programme; Hueckel, Baldi, and co­
workers (1986, 1987, 1988, 1990, 1991) have developed a complete formulation for 
the thermomechanical stress-strain response for saturated clays. Similar to Britto et 
al and Seneviratne's models the approach is based on the critical state soil models 
(Schofield and Wroth, 1968; Roscoe and Burland 1968). However, in the model 
proposed by Hueckel et al (1990) the elliptical yield surface is allowed to shrink or 
expand in size, but not to change its shape, with temperature. Baldi et al (1986) and 
Hueckel et al (1990) proposed for the model that, under drained conditions, heating 
of a normally consolidated clay at a constant isotropic pressure gives rise to a total 
compensation of the thermal softening by a plastic strain hardening. This hypothesis 
implies that the yield surface of a normally consolidated clay will remain unchanged 
during drained heating (Hueckel and Baldi, 1990).
The approach enables predictions of the anisothermal stress-strain responses 
of saturated soil. It can predict more aspects of the observed thermomechanical soil
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response than the simple models can. However, the approach has not been used in 
this thesis for the analysis of the experimental results partly because Hueckel's model 
is complex and its implementation requires a number of material parameters which 
cannot be obtained directly from triaxial tests. The physical meaning of some of the 
parameters needs further research work (Baldi et al, 1988) that is outside the scope 
of this thesis.
The findings from the tests carried out in this research have shown that the 
shear strengths of the normally consolidated specimens at elevated temperature were 
dependent on their thermomechanical consolidation history as shown in Figure 5.25. 
No existing models can predict the observations of the changes in drained shear 
strength at different temperatures, nor are they able to predict the difference in the 
observed strain-responses between the specimens tested at different temperatures. 
The data also suggest that the plastic potential of kaolin C1C is temperature 
dependent and non-associated with its yield surface. A thermally induced non- 
associative relationship between plastic potential and yield surface for an in-situ clay 
was also noted by Hueckel and Baldi (1991). But this cannot be accounted for in the 
existing models.
Seneviratne (1993) extended Britto's work (Britto et al, 1992) to investigate 
a problem where a normally consolidated soil is First subjected to a temperature rise, 
then to a mechanical loading to failure at maintained temperalure. Seneviratne 
applied the principle of formulation described above to evaluate the volumetric 
strains due to the temperature change, and for the subsequent shearing at constant 
temperature. Modified Cam-clay was used to analyse the stress-strain response of 
the soil.
In Seneviratne’s method, the following assumptions have been made 
concerning the soil model:
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(1) the effect of temperature rise on compression index, k,  and unloading­
reloading index, k, is not significant. A shift in the normal consolidation line 
occurs due to the thermal volumetric strain;
(2) the shape of the Modified Cam-clay yield locus is not affected by temperature 
changes, but its position shifts to reflect the movement of the normal 
consolidation line at the current temperature;
(3) the critical state line in the v:lnp' space shifts by the same amount as the 
normal consolidation line, and the specific volume at critical state, vcs, is thus 
affected by temperature rise.
Seneviratne's method enables analysis of engineering problems involving 
thermomechanical responses of soil, although verification of the method (Seneviratne 
et al 1992) was limited by the lack of experimental data. Besides the results observed 
in this thesis, those of Hueckel et al (1990) also appeared not to support the 
assumption of the model concerning the shift of the critical state line with temperature 
change. The observed results indicate that both the shape and the size of the yield 
surface for Kaolin C1C appear to be temperature dependent.
In the remainder of this chapter the experimental data are compared with the 
predictions of the model developed by Seneviratne. The model developed by 
Seneviratne has been extended to incorporate a temperature dependent yield function 
and by including an expression for the coefficient of effective thermal volume 
expansion, p, which is defined by Seneviratne et al (1993) as P = a ST -I- a s.
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6.3 A Cam-clay based method to analyse data from the triaxial tests: A
revised Cam-clay model (RCC)
Introduction
In this thesis the RCC which was used for analysis of the experimental data 
from the tests at different temperatures is incorporated into Seneviratne’s method as 
described in the preceding section. The Modified Cam-clay model assumes the 
vertical separation between the INCL and CSL of the soil is a constant equal to N - 
T = (A. - k) ln2 (Wood, 1990), and so does Seneviratne's model. However, there 
is no evidence that this separation has to be constant. Besides, the shape of yield 
surface can be of any form. It was observed from the experimental results for 
Kaolin C1C at different temperatures that the vertical separation between the INCL 
line at room temperature and the CSL line is about 0.12. This separation was found 
to decrease with increasing temperature because the CSL line was observed to be 
unaffected by the temperature change in contrast to the shift of the INCL line in the 
v:lnp' space. Observations of this kind cannot be predicted by a simple elasto-plastic 
model like Cam-clay or Modified Cam-clay. Hueckefs model might be able to 
capture more of the phenomena of this kind than the simple Cam-clay models as it 
assumes that the size of yield surface is stress, strain, and temperature dependent 
whereas the critical state is assumed to be temperature independent. But, use of 
Hueckefs model needs some parameters which could not be obtained from the 
simple tests conducted in this thesis, and the software implementation of Hueckefs 
model was not available. Because of these limitations a simple Cam-clay model has 
been used. The revision to the Cam-clay model enables the yield surface to change 
with temperature and the critical state line to be temperature independent in v:q:lnp' 
space.
The RCC did not produce better predictions for the stress-strain behaviour of 
Kaolin C1C at room temperature than either Cam-clay or modified Cam-clay as seen
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in chapter 3. There are many possible reasons why the revised model could be 
inappropriate. For instance, the assumed shape of yield surface, the assumption of 
normality, the assumption that peak deviator stress is coincident with CSL in 
undrained tests could all be inappropriate. But the revised model could mimic the 
possible changes of the yield surface at different temperatures, and show, at least, 
qualitatively the trend of how the behaviour might change with temperature.
For the Kaolin C1C specimens tested at room temperature, the observed 
difference between (N - T) is 0.12 while the separation should have been 0.084 
according to the Modified Cam-clay theory. Similar arguments on the relationship 
between the CSL and INCL can also be found elsewhere in other publications such 
as those by Wei (1964, 1981), Shin (1986), and Kutter et al (1992). The distance 
between the INCL and CSL was apparently observed to decrease with increasing 
temperature. The results at different temperatures for Kaolin C1C, given in chapter 
5, showed that the other critical state parameters: A, k, M, F appeared to be 
insensitive to temperature change. Formulation of the revised model given in 
appendix 3.1 was therefore based on a variable yield surface, still elliptical, but with 
one of its axes being a function of the distance between the INCL and CSL lines 
which may vary with temperature.
6.3.1 Parameters for the RCC
In the use of RCC to predict the thermomechanical response of Kaolin C1C, 
the following parameters were used:
Frictional Constant, M = 0.8
Poisson's Ratio, v at 22°C and 50°C = 0.3
Poisson's Ratio, v at 100°C = 0.36
Compression Index, X = 0.16
Unloading-Reloading Index, k = 0.044
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Specific Volume Intercept on CSL, T  =  2.94
Specific Volume Intercept on 22°C-INCL, N22 = 3.06
Specific Volume Intercept on 50°C-INCL, N50 = 3.053
Specific Volume Intercept on 100°C-INCL, N100 = 3.04
Thermal Expansion Coefficient of Solid, a s = 29x10'6/°C
Thermal Expansion Coefficient of Pore water, a w: 
a w=(7.5xlO"6)T + (8.7* 10 6)— (6.2)
The coefficients of effective thermal volume expansion of Kaolin C1C under 
drained heating, p, expressed in terms of temperature and pressure are as 
follows:
For p0' = 100 kPa
P = (8 .08x l0"6) r  -  (5.61x 10 4)— (6.3)
For p0' = 650 kPa
P = ( 8 x l0  7)T -  (4.9x 10~4) " ”(6.4)
where T is the temperature in degree Celsius. As complete and reliable proximity- 
gauge data for p0' = 400 kPa tests were not obtained, interpolation was made to give 
an expression for the variation of p-value with temperature for a pressure of 400 kPa 
as follows:
P =(4.8x 10~6)r  - (5.7x 10_4)— (6.5)
According to Mitchell (1976) a st is a constant for a normally consolidated soil, 
which would imply that p should also be constant. However, the observed Aev/AT 
values for heating of the normally consolidated Kaolin C1C under drained conditions
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clearly contradict this. The observed thermal volumetric strains of UNEXPN during 
undrained heating as shown in Table 5.5, show that the pun values are all positive. 
The increased volume is in part attributable to the decreased effective pressure due 
to the increased pore water pressure in the specimen during undrained heating. 
According to the Cam-clay theory, the expansive volumetric strain of the soil on the 
unloading line in the v:p' space can be evaluated from the expression of 
ev = (Kdp'/vp') (Wood, 1990). The effects of pressure change were therefore 
subtracted from the observed strains to give the actual effective thermal volumetric 
strain of the soil as given in Table 5.5. The effects were found to be significant, and 
the individual value of them could be up to half of the observed strain. After the 
correction for the effects of pressure change, the actual effective thermal volumetric 
strain of Kaolin C1C can be expressed as follows, for the soil temperature varying 
from 22°C and 100°C:
For p0' = 400 kPa
= (- 4 .7 6 *  10~6) r +(3.91 x 10 ~4)— (6.6)
For p0' = 650 kPa
- P  =(-4.88x l (T6)r+(3.1 8x 10"4)- *(6 .7 )
As expected P becomes increasingly positive as the effective stress drops 
during undrained heating. Comparison with the values of p obtained from drained 
heating indicates some discrepancies. This may have been because of the complexity 
of P which is apparently, at least, a function of pressure, temperature, and OCR 
(Seneviratne et al, 1993). No conclusive explanation on this can be given because of 
the lack of sufficient experimental results. Obviously, more work is required to gain 
a better understanding of the factors influencing p .
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For undrained conditions Seneviratne et al (1993) have shown that the 
volumetric strain is given by:
ev + a Ar=0 -•(6.8)
where a = (l-n)as + n aw is the coefficient of undrained thermal volume explans ion, 
and the effective stress change for isotropic conditions is given by:
= pAr 
K
+ e
v
It can be seen that a is equivalent to Pun used above. It can be seen from the above 
expressions that the P-value is directly proportional to the value of a ST because a s is 
considered to be a constant for a given soil. Results of p have been obtained for 
heating of normally consolidated Kaolin. Data from Plum and Esrig (1969) suggest 
that p is dependent on OCR and thus that the above equations (6.3 to 6.7) are not 
generally applicable, p-values according to Seneviratne et al (1993) are usually 
observed to be negative for normally consolidated or lightly overconsolidated clays 
as compression occurs due to drained heating. Seneviratne et al (1993) suggest that 
P-values may increase with increasing stress ratio, ( = pc7p', and become zero at 
(  = 2 and remain constant at higher values of (. The undrained test results show 
that p becomes positive at temperatures around 100°C, corresponding to p 'c/p' of 
about 3. It appears that the values of p determined from drained heating depend 
similarly on T. However, it is difficult to determine P accurately from the undrained 
tests. Errors due to measurement of the volume strains are quite likely, and there is 
also some uncertainty in the correction for effective stress changes. A sensitivity 
analysis is discussed below which considers the effects of different variations of p .
The values of the parameters: M, v, X, k , E, N and p were derived from the
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experimental results given in Chapter 3 for the room temperature tests and in Chapter 
5 for the tests at elevated temperatures.
Under drained heating, p was found to be a parameter dependent on 
temperature and stress level. The relationship between N and p can be formulated, 
in Appendix 6.1, to give an expression of p as a function of N, AT and p' as follows:
AN{\  +a AT)P=----------- --(6.9)
AT ( N- Xl np)
where AN is the vertical distance that the INCL line shifted in the v:lnp' space 
because of a temperature change AT, p' is the constant stress level, and a s is the 
coefficient of thermal expansion of the solid minerals which is assumed to be a 
constant. For instance, if T= 22°C, AT=100°C - 22°C = 78°C, p’ = 100 kPa, and 
a s = 29 x Kf6 /°C, the above equation gives p =-0.082 x 10 3 In contrast, the values 
of P from the 100°C drained heating (100CU1 and 100CU6) at p' = 100 kPa were 
observed to be p =-0.127 x 10"3 and -0.063 x 10'3 respectively, the average of these 
observed values, being -0.095 x 10'3, is very close to the predicted one from Equation 
6.9.
However, only the results from the drained heating tests at p0' = 100 kPa show 
a reasonably good agreement with the estimated p-values from the above equations. 
This may be because more complete data were obtained at low pressures than at 
higher pressures, but, at 100 kPa the specimen might not have been in a truly 
isotropic state because anisotropy induced during sample formation in the mould.
The estimated p-values, from both the external and internal measurements, 
have been given in Tables 5.5 and 5.6, and are reproduced in Table 6.1 for
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comparison with the estimated p-values from the above-mentioned Equation 6.9. 
Inspection of the p-values given in Table 6.1 seems to imply that the INCL lines for 
Kaolin C1C are not really parallel. Further experimental research into the 
temperature-induced variation of the INCL for normally consolidated soil is needed.
It was observed that the values of p increased with temperature (i.e. became 
less negative) for a given confining pressure. This implies that soil compression due 
to drainage of pore water was compensating for soil expansion due to temperature 
increase in the range of 22°C to 100°C. For a given temperature rise, the values of 
p were found to decrease (i.e. became more negative) with increasing applied 
pressure from 100 kPa to 400 kPa, but to increase afterwards (i.e. became less 
negative) as the applied pressure increased from 400 kPa to 650 kPa. This has been 
shown in Figures 5.19 and 5.20 in the preceding chapter. The values of p derived 
from N, p0' using the expression (Equation 6.9) given above do not generally support 
this argument. This may be because there were only a limited number of tests 
conducted in this research and the observed evidence was insufficient to show a clear 
pattern of variations of p with temperature and pressure for the Kaolin C1C. 
Besides, the experimental results appeared to reveal that p might be a nonlinear 
function of pressure and temperature.
In this thesis no attempt was made to measure the values of a s for solid 
particles of Kaolin C1C. However, the results of X-Ray Diffraction analysis, 
presented in Appendix 3.1, showed that more than 84% of the total constituents of 
Kaolin C1C are kaolinite. Therefore, in the present analysis, an as value for kaolinite 
was employed to represent that of Kaolin C1C. The typical value of a s for kaolinite 
as shown above was measured by McKinstry (1965), this value has also been used in 
other analyses of thermomechanical behaviour for a kaolin by Baldi (1988).
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6.4 Comparisons of predictions and observed behaviour
6.4.1 Predictions of drained and undrained thermomechanical volumetric
strains of Kaolin C1C
Drained thermal strains
Figures 6.1 to 6.3 show comparisons among the volumetric strains from the 
prediction with the aforementioned Seneviratne's approach, from the estimation using 
Equation 6.9, and from the experimental results of drained-heating of the specimens 
with initial effective pressures of 100 kPa, 400 kPa and 650 kPa, respectively. The 
specimens were all initially at room temperature, and were then heated gradually to 
50°C and 100°C respectively under drained, or undrained conditions with the total 
pressures held constant. The details of the heating processes have been given in the 
preceding chapter. It can be seen from Figures 6.1 to 6.3 that the predicted 
volumetric strains agree reasonably with the experimental data at 50°C at all stress 
levels. However, the initial anisotropy of the samples might have had some influence, 
where the samples possibly had OCR > 1, on the observed strains. Equation 6.9 
suggests that for a given initial pressure, p0', the thermal strain should increase 
linearly with temperature, this does not agree with the experimental results nor with 
the predictions from the theory, both of which indicate that for normally consolidated 
clay the effective thermal volumetric strain is dependent on the variation of the p- 
value, and is a non-linear function of pressure and temperature. Further research to 
study the temperature and pressure effects on the variations of p-value is needed. 
The effect of p0' on the theoretical thermal volumetric strain, £ , for normally 
consolidated Kaolin C1C as estimated with different p-values based on the 
expressions given earlier is shown in Figure 6.4 which shows, as expected, that the 
thermal volumetric strain increases with both temperature and pressure.
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Undrained thermal strains
An attempt was also made to analyse the thermomechanical response of the 
specimen UNEXPN to two cycles of undrained heating and cooling between 22 °C and 
100°C under consolidation pressures of 400 kPa and 650 kPa.
Figures 6.5 to 6.7 show comparisons between the predicted and observed 
thermal strains for the specimen UNEXPN in the course of undrained heating and 
cooling at effective pressures of 400 and 650 kPa. The analysis was made assuming 
P =  0, implying a st = - a s. The sensitivity analysis which will be further discussed 
later in this chapter suggests that the predictions with P = 0 are in better agreement 
with the experimental results than those with other positive or negative p-values.
It can also be seen from the Figures 6.5 to 6.7 that the shapes of the estimated 
and observed volumetric responses of the soil are different. The estimated volumetric 
responses appear to be curves in a similar pattern as that of Seneviratne's prediction 
(Seneviratne et al 1993) for another normally consolidated kaolin, which shows a non­
linear thermoelastic behaviour that is matched well with the prediction by 
Seneviratne's approach. However, the responses of Kaolin C1C, shown in Figures 
6.5 to 6.7, appear to be almost linear, suggesting that behaviour of Kaolin C1C can 
be considered almost linear-thermoelastic under undrained heating in a small range 
of temperature changes from 22°C to 100°C. The results of the analysis suggest that 
the soil behaves elastically but non-linearly because of reduction in p' with increased 
temperature.
Figures 6.8 and 6.9 shows the predictions for development of pore water 
pressure in test UNEXPN during undrained heating and cooling using a p-value equal 
to zero as mentioned above. Figure 6.8 is a plot of pore water pressure against 
temperature, and Figure 6.9 is a plot of temperature against normalized pore water
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pressure. The observed pore water pressures were normalized using the consolidation 
pressures of 400 kPa and 650 kPa respectively. The predictions are in good 
agreement with the observed peaks and the trend of pore water pressure development 
at different pressures; but the model is unable to reproduce the hysteresis and the 
negative pore water pressures observed in the course of heating and cooling. This 
might have been because of the assumption of thermoelasticity for undrained heating 
of the soil. The normalized pore water responses, as shown in Figure 6.9, at different 
pressures lie very close together in the u:T space, suggesting that the pore water 
pressure response to a temperature change for Kaolin C1C is directly proportional to 
the initial total pressure, p0\
A sensitivity analysis of the thermomechanical response of Kaolin C1C was 
conducted to examine the effects of using different p-values (based on Equations 6.4 
to 6.7 ) in the analysis on the predicted undrained thermal responses of the soil. A 
range of p-values varying with temperature at different pressures of 400 kPa and 650 
kPa were used. Equations 6.4 to 6.7 give negative but increasingly positive values 
of p with increasing temperature. Equations 6.6 and 6.7 give positive linearly 
varying p-values with temperature. The results, shown in Figures 6.10 and 6.11, 
demonstrate that the predictions with p-values from Equations 6.6 and 6.7 and with 
a constant p = 0  give peak values of pore water pressure in reasonably good 
agreement with the observed results. However, the predicted pore pressure responses 
with p-values from Equations 6.4 and 6.5 were still some distance off the observed 
data. In addition, the attempt also included use of a linearly varying p which started 
with a negative value at 22°C equal to the average value from Equations 6.4 and 6.5, 
then became positive at 100°C at a rate that gave p = 0 at 50°C as follows:
P =(16.7* 10"6)r  -  0.84* 10~3—(6.10)
The pore pressure predictions with a variable p-value from Equation 6.10
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above are shown in Figure 6.12 in comparison with other results from the predictions 
with different p-values, as mentioned above, from Equations 6.4 to 6.7. It can be 
seen from Figure 6.12 that the predictions for the pore pressure responses are 
different for different p-values. The pore pressure responses with p-values from 
Equations 6.4 and 6.5 (giving negative P-values) show a pair of concave curves rising 
up with temperature in the Au/p0':T space. In contrast, the predictions with the p- 
values from Equation 6.10 show that the pore pressure increase firstly at small 
temperature rise then decrease at further temperature rise. The results of the 
sensitivity analysis of the pore water pressure response to temperature rise, as 
discussed above, suggest that p-value is a soil parameter influencing the pore water 
pressure response to the temperature change.
The undrained volumetric behaviour was found from Figures 6.10 and 6.13, 
to be unaffected by the variations of the p-value as also indicated by Seneviratne et 
al (1993). This is consistence with Equation 6.8. It may have been because 
volumetric strains are dominated by the effects of the effective stress reduction during 
andrained heating of the soil, and of the thermal strains due to the thermal expansions 
of the soil grains and the pore water.
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6.4.2 Prediction of thennomechanical stress-strain behaviour of Kaolin C1C
Attempts have been made using three different Cam-clay models, to predict 
the stress-strain behaviour of the Kaolin C1C specimens in response to applied 
mechanical loading at different constant temperatures. The models implemented 
were the Cam-clay model (Schofield and Wroth, 1968), the Modified Cam-clay 
model (Roscoe and Burland, 1968), and a revised Cam-clay model as previously 
mentioned in Chapter 3. Although it has been shown in Chapter 3 that RCC did not 
give good predictions of Kaolin C1C at room temperature, RCC was used again for 
analysis of the stress-strain responses at different temperatures because it allows for 
movement of the INCL line.
The results of the analyses and the experimental data are presented in the 
normalized stress-strain spaces, (q/pe):(p'/pe) and (q/pe):(es). In each of Figures 6.14 
to 6.19, the experimental data and the predictions from different models are shown 
together for comparisons at different temperatures: 22°C, 50°C and 100°C.
Figures 6.14 and 6.15 show the experimental data and the predictions for 
22°C-specimens. It can be seen that the Modified Cam-clay model gives reasonably 
good predictions of the stress-strain state paths, significantly better than the other two 
Cam-clay models.
Figures 6.16 and 6.17 show the experimental data and the predictions for 
50°C-specimens. It can be seen that the state paths of the drained-specimens lie 
above those of the undrained-specimens, in the (q/pe):(p7pe) space, from the 
beginning to failure at large strains. Neither model can predict this difference in 
stress-strain behaviour between the drained-specimens and the undrained ones at 
50°C. In the (q/pc):(es) space, the state paths of the drained specimens and the 
undrained specimens show less difference. The Modified Cam-clay prediction lies 
close to the experimental results, suggesting a good estimate for shear strength of the
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soil. Whereas, the other two models appear not to have performed well in predicting 
the stress-strain behaviour of the soil at 50°C.
Figures 6.18 and 6.19 show the experimental results and predictions for 
100°C specimens. It can be seen that in contrast to the 22°C and 50°C specimens 
the stress state paths of the drained specimens lie further apart from those of the 
undrained ones in the (q/pe):(p7pe) space. Again, neither model can predict this 
increased difference in stress-strain behaviour between the drained and the undrained 
specimens at 100°C.
The Modified Cam-clay model appeared to give better predictions than the 
other two models to the state path of the undrained specimens from the beginning to 
failure in the normalized stress space. In the (q/pe):(es) space, the drained state paths 
lie close to the undrained state paths, being closest at 50°C and with significant 
differences at 100°C. The predictions from the Modified Cam-clay model lie close 
to the observed undrained state paths from the beginning to failure. The Modified 
Cam-clay can predict the trend of the stress-strain behaviour of the drained 
specimens at large strains, but it is unable to predict the shift of the state paths with 
the temperature changes. The other two models appeared not to give good 
predictions for any part of the stress-strain behaviour of the soil at 100°C. Although 
the RCC failed to give good predictions for the soil, it did predict state paths that 
move with temperature in (q/pe’):(p7pe') space. None of the simple models can 
predict the changing separation of drained and undrained state paths, as shown in the 
normalized stress space (p7pe:p7pe), with increasing temperature.
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6.5 Discussion
6.5.1 Effect of temperature on soil parameters
In this thesis, the methods implemented for studying the thermomechanical 
behaviour of the normally consolidated clay required a number of soil parameters to 
be determined from triaxial tests at elevated temperature: the critical state 
parameters; N, T, M, X, k , and one additional parameter (B), the coefficient of 
effective thermal volume expansion of the soil under drained or undrained conditions 
(Mitchell, 1976). Among these parameters, N and B (or Bun) were temperature 
dependent and the remainder were found not to change very much with the soil 
temperature.
The results of the isotropic consolidation tests revealed that heating a 
normally consolidated specimen, under a constant confining pressure, would cause 
it to compress towards a new stress-temperature equilibrium. The experimental 
results showed a clear trend in the v:lnp' space that the specific volumes of the soil 
specimens formed a family of parallel INCL lines, suggesting that N is a function 
of temperature.
6.5.2 Appraisal of the method of analysis
Three stress-strain models have been implemented to analyse the stress-strain 
behaviour of Kaolin C1C at different elevated temperatures.
The Modified Cam-clay model was found to be able to make reasonable 
predictions of the undrained behaviour of the soil at all three temperatures, but it was 
unable to predict the temperature effects on the drained behaviour of the soil. Using 
the Modified Cam-clay model in the analysis, it was assumed that the yield locus was 
not affected by temperature changes, and the critical state line in the v:lnp' space
239
Chapter 6- Cam-clay models and thermomechanical stress-strain behaviour of Kaolin C1C
shifted by the same amount as the INCL did due to the same temperature change. 
This assumption does not agree with the test results which apparently show that the 
critical state line (CSL) of Kaolin C1C does not move with temperature in the range 
from 22°C to 100°C. However, the CSL might move with temperature as the INCL 
did. The differences between the INCL lines at different temperatures are very 
small, and similar small shifts in the CSL could have occurred, and these would have 
been difficult to detect with the experimental procedure adopted. The Cam-clay 
model was found to be unable to predict any part of the stress-strain behaviour of the 
soil at any temperature. The revised Cam-clay was also found to be unable to 
predict the soil responses but it showed that the state path could move with 
temperature because of the change of the yield function with temperature.
In principle, the family of Cam-clay models always predicts a unique state 
path in the (q/pe):( pVpe) space as well as a unique stress-strain path in the (q/pe): 
€s space for both drained and undrained tests on a normally consolidated clay. In 
reality, however, for most engineering soils the drained state paths lie above the 
undrained state paths (Roscoe and Thurairajah, 1964; Gen and Potts, 1982; Gen, 
1985). Roscoe and Thurairajah (1964) found that the order of the difference between 
the drained and undrained state paths for Kaolin was less than 10% of the measured 
strength. From the room temperature tests carried out in this research work, the 
same order of the difference was also found for Kaolin C1C. However, the order 
of the difference between the two types of state path for Kaolin C1C was found to 
increase with temperature. Neither the Cam-clay models nor any existing simple 
stress-strain soil models can admit this difference between the drained and undrained 
state paths. For Kaolin C1C this difference has been found to be less important in 
predicting the stress-strain behaviour of soil at room temperature; its significance 
increases with soil temperature rise.
Furthermore, the Cam-clay models are also unable to predict the temperature 
effects on the stress-strain response for drained shearing of soil such as those
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reported by Hueckel and Baldi (1990) for Pontida clay at different OCR values. It 
was observed that for samples of initial OCR=5, the dilatancy observed at room 
temperature completely disappeared at a higher temperature (98°C), there was a 
lower onset of nonlinearity, and no softening in the deviatoric curve at the higher 
temperature. Hueckel’s model (Hueckel and Borsetto, 1990) has been claimed to be 
better than the Cam-clay models at predicting the thermomechanical behaviour of 
saturated clays subjected to drained shearing at elevated temperature, and to 
undrained heating under a maintained total deviatoric pressure (Hueckel and Baldi, 
1990). But, the model could not predict the increased difference of the drained and 
undrained state paths with increasing temperature. To model the difference of the 
drained and undrained state paths of this kind necessitates a double yield-surface 
model or a multi-surface model, e.g., Whittle (1993, 1994a, and 1994b), Mrôz et 
al (1978), Prévost (1978), Hashiguchi (1980), Dafaliasetal (1982), and Anandarajah 
et al (1986). None of these models has been developed to predict the 
thermomechanical behaviour of soil, but perhaps further research to modify, at least 
one of them; such as Whittle's, which is the latest one, to enable clear explanation 
for the above-mentioned difference of the state paths for Kaolin C1C could be 
fruitful.
6.6 Conclusions and suggestions
In this chapter, attempts have been made to study the thermomechanical 
behaviour of Kaolin C1C, in an analytical way. Seneviratne's approach (1993) has 
been revised, and then implemented in the analysis. The results of the analysis, 
obtained using Seneviratne's approach associated with different Cam-clay models, 
were compared with the experimental results from the drained and undrained triaxial 
tests on normally consolidated specimens. A few concluding remarks for this chapter 
and suggestions for further study in this area are given below:
(1) An attempt was made to implement the revised Cam-clay model in the
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analysis of soil responses at different temperatures. The formulation for the 
revised Cam-clay gave rise to a new expression of the plastic strain ratio, 
depv/deps, for the model; and the formulation has been given in the appendix 
of Chapter 3.
(2) Determination of the soil parameters for analysis has been discussed. The soil 
parameters were the critical state parameters; N, T, M, X, k, /x; and one 
additional parameter (p), the coefficient of effective thermal volume expansion 
of the soil. Among the parameters for the analysis, N and p were found to 
be sensitive to temperature change and the others were not.
(3) Assuming p as a linear function of temperature, the analysis has only 
predicted the trend of thermal volumetric strains of the soil specimens 
subjected to isobaric drained-heating in the temperature range of 22 °C to 
100°C.
(4) In contrast to the drained analysis, an undrained analysis, assuming that p is 
equal to zero, has made a better prediction of the development of pore water 
pressure for the soil specimen (UNEXPN) which was subjected to two cycles 
of heating and cooling in the temperature range between 22°C and 100°C.
(5) p does not appear to be a constant, apparently varying with pressure (p'), 
temperature (T) and overconsolidation ratio (OCR) of the soil. More work is 
required to gain a better understanding of the factors influencing the variations 
of p, and this also requires accurate strain measurement.
(6) The predictions from the Modified Cam-clay model were in reasonably good 
agreement with the observed stress-strain behaviour of Kaolin C1C at room 
temperature, whereas, the predictions from the Cam-clay model and the
242
Chapter 6- Cam-clay models and thermomechanical stress-strain behaviour of Kaolin CIC
revised Cam-clay model were found to be less satisfactory.
(7) The Modified Cam-clay model could also predict the undrained stress-strain 
behaviour of Kaolin CIC at elevated temperatures, but could not predict the 
drained behaviour of the soil at elevated temperature. The model assumes a 
unique state boundary surface in the normalized stress space (q/pe:p7pe) for 
both drained and undrained loading, however, from the triaxial tests 
conducted, it was observed that the undrained and drained state paths of 
Kaolin CIC were not coincident. The order of the difference between the 
two state paths at room temperature was found to be less than 10% of the 
normalized shear strength, and the Modified Cam-clay model prediction did 
not differ very much from the observed responses in either drained or 
undrained tests. However, the Modified Cam-clay predictions departed from 
the observed drained soil responses as the temperature increased.
(8) This research work has acquired some, though limited but valuable, 
information on the behaviour of a normally consolidated clay, Kaolin CIC. 
It is clear that the order of the difference between the drained and undrained 
state paths of this soil increase with soil temperature. Neither the Cam-clay 
models nor other existing simple soil models can predict this difference or the 
variations of this difference with temperature. Therefore, development of a 
new soil model is needed in the future, and the new model should be able to 
predict variations in the state boundary surfaces of soil at different 
temperatures.
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Table 6.1 Values of B reproduced from Tables 5.5 and 5.6 for comparison with 
those estimated from Equation 6.9
Specimen
no.
» • 
P o
kPa
B
PGs data
B
GDS data
B
Equation 6.9
50CU1 100 -0.264E-3 -0.31E-3 -0.787E-4
50CD2 650 -0.507E-3 -0.51E-3 -0.95E-4
50CD3 400 -0.596E-3 -0.18E-3 -0.9E-4
50CU5 100 -0.256E-3 -0.26E-3 -0.787E-4
50CU6 1000 - -0.19E-3 -0.99E-4
100CU1 100 -0.127E-3 -0.36E-4 -0.816E-4
100CD2 650 - -0.47E-4 -0.98E-4
100CD3 400 - -0.96E-4 -0.933E-4
100CU4 1000 - -1.11E-4 -1.02E-4
100CD5 1000 - -0.85E-4 -1.02E-4
100CU6 100 -0.063E-3 -0.35E-4 -0.816E-4
244
2.5
>
©O»c©
JC
O
o
• C
©
E
§
2.0
1.5
1.0
0.5
20
■ GDS data (estimated)
•  PGs data (measured)
it Estimated from Eq 6.9
\
Theory
50CU1
/ ■
50CÜ5
50CU1 ■•
•  50CU5 ★
100CU6 ■
★
30 40 50 00 70 80 90 100 110
Temperature, T°C
Figure 6.1 Isobaric drained heating of the specimens at p0' = 100 kPa
>©
©o>
O
o
&
©
E
O
>
3.0
2.5
2.0
1.5
1.0
0.5
■  GDS data (estimated)
•  PGs data (measured)
★ Estimate from Eq 6.9
20 30
50CD3
50CD3
\
Theory
100CD3
40 50 60 70 80 90 100 110
Temperature, T°C
Figure 6.2 Isobaric drained heating of the specimens at f t , ' = 400 kPa
245
5©
O )c
(0szOo
TZ
©
E3
O>
■ QDS data (estimated)
•  PGs data (measured)
★ Estimated from Eq 6.9
★
100CD2 _
_ i______________i______________i______________i______________i___
60 70 80 90 100
Temperature, T°C
110
Figure 6.3 Drained heating of the specimen at p0' = 650 kPa
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Figure 6.5 Isobaric undrained heating of the specimen at p°'= 400 and 
650 kPa
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Figure 6.8 Undrained heating of the specimen at p0' = 400 and 650 kPa
Figure 6.9 Undrained heating of the specimen at p t' = 400 and 650 kPa
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Figure 6.14 Typical test results and predictions for drained and undrained 
tests at 22° C
Figure 6.15 Typical test results and predictions for drained and undrained 
tests at 22° C
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Figure 6.17 Typical test results and predictions for drained and undrained 
tests at 50° C
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Formulation of 8 in terms of temperature change, AT; and pressure, p'
specific volume, v, at temperature T: 
vT = NT - Alnp’ 
vT = Vm / V,
where Vm and Vs are total volume of the soil mass and soil grains at temperature, T, 
respectively;
as temperature increases from T to T+AT, specific volume vT becomes vx+AT:
V  +AF
y =  m  m
T+Ar F+AK
S  S
because
AVm = 8 Vm AT 
AVS = a s Vs AT
therefore,
KJ1 + PA7) 
Vr+Ar Vs( U a ^ T )
for a given p', the difference in specific volume between two INCL lines at different 
temperatures in the v:lnp' space is as follows:
Av = AN = vT+AT - vT
K (l + pA7) V  
A N -  -  
Vs( U a sAT> Vs
_ y mf ( i +pA7> „
y. ( ‘ +«SA T)
to substitute v into the above equation gets
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1 + ß AT-l -c í  Ar
A N=vJ— ------------------]
l + <x5A r
, ßAT-cc AT
=[NT-\lnp'][— ---- f — ]
1 + a Ai
S
to rearrange the last equation gets the final expression for ß
AN(l + a A7)P=-----  -- + a
AT \N j- \ ln p ’)
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CONCLUSIONS
7.1 Literature review
A literature review of the previous research work into the thermomechanical 
behaviour of soils has been presented. The review helped to find out the direction 
of research for this thesis. The findings from the previous research about the effects 
of temperature on basic soil properties are summarized below.
An increase in temperature for a saturated clayey soil under a given loading 
can be compared to an application of a temperature-induced (thermal) loading on the 
soil. Subjected to the thermal loading, the soil will consolidate towards a new stress- 
strain-temperature equilibrium. It has been observed from the tests on different soils 
that after heating, normally consolidated soils show stiffer stress-strain responses 
whereas overconsolidated soils are more ductile. Also, the coefficient of 
consolidation, cv, and permeability, k, are considered to be dependent on both 
temperature and applied pressure, but the compressibility, Cc, does not change with 
temperature or applied pressure. Previous research has shown that clay mineralogy 
is an important factor influencing the temperature effects on the creep behaviour of 
clayey soils, and that the organic content has no noticeable influence on the 
temperature effect. There is much controversy concerning the effects of temperature 
on the shear strength of clayey soils under different loading conditions and this 
reflects the limited research into this aspect of soil behaviour. These findings on soil 
behaviour in response to changes in temperature are principally the results of 
research work done over the period from 1951 to 1969, from Finn (1951) to the
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advent of the first international conference held in the United States in 1969 
(Highway Research Board, 1969): on effects of temperature and heat on engineering 
behaviour of soils. In the past two decades, research workers have also attempted 
analytical studies of the thermomechanical behaviour of soils. Numerical models 
have been proposed to predict coupled thermo-consolidation and heat transfer 
problems. The applicability of these models needs to be justified by more 
experimental research work. Mitchell and Campanella (1968); Booker, Savvidou, 
and their co-workers (1984, 1985); Hueckel, Baldi, and their co-workers (1987, 
1988, 1990, 1991); and Seneviratne et al (1992, 1993); have published a good many 
papers, concerning this topic.
7.2 Triaxial tests on two Kaolin clays
A series of triaxial tests were carried out at room temperature on two Kaolins 
designated as Kaolin CIO and Kaolin C1C, the latter was selected as the material for 
this research. Because the room temperature triaxial test results revealed that Kaolin 
C1C showed more plastic behaviour than Kaolin CIO, and the behaviour of Kaolin 
C1C could be predicted reasonably well by the Modified Cam-clay model, this kaolin 
was adopted for the tests at elevated temperature.
Series of drained and undrained triaxial compression tests as well as index 
tests were conducted on Kaolin C1C specimens at room temperature. The tests 
produced valuable data of engineering properties and strength characteristics for 
Kaolin C1C. The Cam-clay, Modified Cam-clay, and a revised Cam-clay model 
were then applied to analyse the stress-strength behaviour of Kaolin C1C. The 
results of this analysis showed that the Modified Cam-clay model could provide 
reasonable predictions of the general stress, strain behaviour of the soil at small to 
medium strains, but it underestimated the volume changes or pore pressures at large 
strains. The other two models were found to be unable to predict the general stress, 
strain behaviour of the soil at small to medium strains but, were able to provide a
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reasonable estimation to the behaviour of the ultimate state. Interpretation of the test 
data showed that the undrained state paths lay clearly below the drained state paths. 
None of the three Cam-clay models could predict this phenomenon. The results 
from the triaxial tests conducted at room temperature were used later for comparison 
with the results from the 50°C and 100°C tests.
7.3 Design of triaxial equipment for soil testing at elevated temperature
A new triaxial apparatus (HTTA) was designed and assembled for conducting 
triaxial tests on the soil specimens at elevated temperature up to 100°C.
The HTTA has some additional features to those of conventional triaxial 
apparatus which enable monitoring of the soil response due to temperature change 
during testing. These additional features consist of: a temperature-controlled oven 
which enables soil testing at various temperatures in the range from room 
temperature to 200°C; thermocouples installed at seven different positions within the 
triaxial system to enable temperature measurements during testing; a temperature 
resistant pore-water-pressure-transducer (PWPT) to enable PWP measurements at the 
triaxial cell base within the oven so as to minimize errors in PWP measurement due 
to expansion of the drainage lines during undrained heating; and, finally, two pairs 
of proximity gauges around the soil specimen to measure directly thermal expansion 
of the specimen in both axial and radial directions during testing at elevated 
temperature. The maximum testing temperature was limited to 100°C because of the 
temperature-resistance limit of the Butyl-rubber membranes.
7.4 Triaxial tests on Kaolin C1C at elevated temperatures
Consolidated drained and undrained triaxial compression tests were carried 
out at 50°C and 100°C with the specimens subjected to different applied pressures 
ranging from 100 kPa to 1000 kPa.
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The results of isotropic thermomechanical consolidation of the specimens 
carried out at different temperatures suggest that the coefficient of consolidation of 
Kaolin C1C, cv, varies with both applied pressure and temperature. The values of cv 
increased with the applied consolidation pressure, and at a given consolidation 
pressure, the values of cv increased with temperature. The increase ip c with 
increasing temperature may be mostly explained by the change in viscosity of the pore 
water due to elevated temperature. In addition some minor effects due to physico­
chemical changes in the soil associated with the temperature change may have 
occurred.
A family of isotropic normal consolidation lines, INCLs in the v:lnp' space, 
for Kaolin C1C at different temperatures were demonstrated. The INCLs are parallel 
to each other, but separated by different amounts. The vertical separations between 
the INCLs can be used to estimate changes in the specific volume of Kaolin C1C due 
to temperature changes, and to estimate the coefficient of effective thermal volume 
expansion of the soil, p as defined in Chapter 5.
The results obtained from cycles of undrained heating and cooling revealed 
that both the axial and radial thermal strains were of the same order of magnitude and 
mostly recoverable during cooling. This phenomenon suggests that at least under 
isotropic conditions undrained heating causes thermally elastic behaviour of the 
specimen, analogous to the mechanically elastic behaviour in the recompression of an 
overconsolidated soil specimen.
The development of excess pore water pressure during undrained heating was 
found to increase approximately linearly with temperature, and proportionally to the 
stress levels. Differences in development of the pore water pressure between heating 
and cooling suggests that rate of heating also influences the pore pressure responses.
The results of the drained compression tests at different testing temperatures
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showed that the drained strengths of the specimens were affected by temperature. 
Both the axial strains and the volumetric strains at failure reduced significantly as the 
testing temperature was raised from 22°C to 100°C. That is the specimens became 
less ductile at higher temperature.
The results of the undrained compression tests on the normally consolidated 
specimens showed that temperature appeared to have little effect on the undrained 
responses in contrast to the behaviour in drained tests. However, the axial strain at 
failure reduced with increasing temperature. But, unlike the tests on the normally 
consolidated specimens there appears (from the two undrained tests) to be an effect 
of temperature on the undrained strengths and failure axial strains of 
overconsolidated specimens.
Critical state parameters for Kaolin C1C were determined from the tests 
carried out at 50°C and 100°C. Rise in temperature was found to cause the INCL 
to shift in the v:lnp' space, and the shifted INCL was found to be parallel to the 
RTINCL. The critical state line was found to be apparently insensitive to 
temperature for temperatures in the range from 22°C to 100°C.
The drained and undrained state paths in the q/pe:p'/pe space were not 
coincident at the three temperatures. The differences were found to increase with 
temperature.
7.5 Comparison of experimental results and predictions of
thermomechanical behaviour of Kaolin C1C
In this thesis, attempts have been made to study the thermomechanical 
behaviour of Kaolin C1C, in an analytical way. Seneviratne’s approach (1993) has 
been revised, and then was implemented in the analysis. The results of the analysis, 
obtained using Seneviratne's approach associated with different Cam-clay models,
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were compared with the experimental results from the drained and undrained triaxial 
tests on normally consolidated specimens.
An attempt was made to implement a revised Cam-clay model in the analysis 
of soil responses at different temperatures. The revised Cam-clay model uses a new 
expression for the plastic strain ratio, depv/d€ps, assuming that the yield surface, 
which is associated with the plastic potential, is a function of the distance between 
the CSL and the INCL lines. This is a function of temperature because the location 
of the INCL in the v:lnp’ space is a function of temperature.
The critical state parameters; N, T, M, A, k , \i  were determined from the 
triaxial test results and together with one additional parameter (B), the coefficient of 
effective thermal volume expansion of the soil, were used to make predictions of the 
effective thermal strains of the soil. Of the parameters, N and B were found to be 
sensitive to temperature change and the others were not.
With the assumption of B-value being a linear function of temperature, the 
analysis could only predict the trend of thermal volumetric strains of the soil 
specimens subjected to isobaric drained-heating in the temperature range of 22°C to 
100°C. In contrast to the drained analysis, the undrained analysis, assuming a B- 
value equal to 2as, has made a better prediction to the development of pore water 
pressure for the soil specimen (UNEXPN) subjected to cycles of heating and cooling 
in the temperature range between 22°C and 100°C.
A preliminary analysis checked the sensitivity of the estimated thermal strains 
to variations of the B-value for undrained heating and cooling of the soil. The 
calculated strains were unaffected by the changes of B-value, because most of the 
strains were related to the reduction in effective stress due to the pore pressure.
The predictions from the Modified Cam-clay model were in reasonably good
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agreement with the observed stress-strain behaviour of Kaolin C1C at room 
temperature, whereas, the predictions from the Cam-clay model and the revised 
Cam-clay model were found to be less satisfactory.
The Modified Cam-clay model could also predict the undrained stress-strain 
behaviour of Kaolin C1C at elevated temperatures, but could not predict the drained 
behaviour of the soil at elevated temperature. The model assumes a unique state 
boundary surface in the normalized stress space (q/pe:p7pc) for both drained and 
undrained loading, however, from the triaxial tests conducted, it was observed that 
the undrained and drained state paths of Kaolin C1C were not coincident. The order 
of the difference between the two state paths at room temperature was found to be 
less than 10% of the normalized shear strength, and the Modified Cam-clay model 
prediction did not differ very much from the observed responses in either drained or 
undrained tests. However, the Modified Cam-clay predictions departed from the 
observed drained soil responses as the temperature increased.
In this research work, we have acquired some, though limited but valuable, 
information on the behaviour of a normally consolidated clay, Kaolin C1C. It is 
clear that the difference between the drained and undrained state paths of soil varies 
with soil temperature. Neither Cam-clay models nor other existing simple soil 
models can describe this difference or the variations of this difference with 
temperature. Therefore, the development of a new soil model is needed in the 
future, and the new model should be able to predict variations in the state boundary 
surfaces of soil at different temperatures.
7.6 Suggestions for future research and development
It has been shown in Chapter 4 that the HTTA enables triaxial soil testing to 
be performed at elevated temperatures up to 100°C. This is not the maximum design 
temperature of the HTTA, which is 200°C, but the temperature limit of the Butyl-
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rubber membranes. Although Viton rubber membranes which have a temperature- 
resistant limit up to about 200°C have been used by others (Houston, et al 1985), 
they are unsuitable for testing with soft clay because of their large thickness. For 
soil testing at higher temperature, a new type of membrane is needed whose 
flexibility and impermeability at high temperature should be comparable to that of 
a latex membrane at room temperature. The temperature-resistant limit of these 
membranes should be up to at least 150°C which is the surface temperature of a 
canister for nuclear waste.
It is concluded from the use of the HTTA in this research that the HTTA 
needs further enhancements, at least, as follows:
The computer algorithm needs to be modified so that the temperature of the 
oven can be controlled by the computer. The rate of temperature increase could then 
be adjusted according to the change in pore water pressure of the specimen during 
drained heating.
With the present set-up the HTTA cannot perform stress-controlled or triaxial 
extension tests. Therefore, enhancement to both its facilities and computer 
algorithms are required.
An internal load cell will be beneficial for measuring deviator loads free from 
ram friction.
At present, the capacity of the proximity gauges to measure axial 
deformations of the sample is very limited, and the accuracy of measurements 
decreases rapidly with gauge distance from the target. Therefore proximity gauges 
of greater operational range or some alternative internal displacement measuring 
system is required.
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Though plated with zinc, the triaxial cell body was still found to suffer from 
corrosion. A new triaxial cell body made from stainless steel would overcome this 
problem.
The observed stress ratios at failure, (q/p')f, for the 50°C specimens are in 
general less than those at 22°C and 100°C. This noticeable difference in stress ratio 
is attributed to a hypothesis that softening of soil modulus occurs as soil temperature 
is increased from room temperature to 50°C, then soil hardening occurs in the 
subsequent temperature rise (Hueckel and Baldi, 1990) from 50°C to 100°C. There 
are insufficient experimental data yet to justify this hypothesis. In the analysis, it has 
been assumed that the thermal properties of free water and water in the soil pores are 
identical; but Baldi and Hueckel (1988) pointed out, from testing with a low-porosity 
clay, that thermal expansion of the pore water may be significantly altered by 
electrochemical or electrical microstructural interactions. There is as yet no clear 
understanding available of the thermal properties of both the soil mass and its 
individual constituents, or of the relationship between these thermal properties and 
the stress-strain parameters. Further parametric study in this field needs more tests 
to be conducted. More tests on a variety of clays are required at temperatures 
between 22°C and 50°C as well as between 50°C and 100°C and higher, as well as 
at different pressure levels.
It has been shown in this thesis that the difference between the drained and 
undrained state paths of clay is temperature dependent. However, this should be 
further justified by performing more triaxial tests along different testing paths at 
other elevated temperatures. This should include stress-path controlled tests on soil 
starting from different stress states and OCRs.
Neither Cam-clay models nor other simple soil models are able to predict the 
difference in the drained and undrained state paths observed from the tests in this 
research work. It is believed that this phenomenon is typical of the behaviour of
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normally consolidated clay, and it might be expected that for every soil there will be 
a temperature at which the state paths will be identical. Therefore, further research 
is needed in the development of a new soil model, perhaps, a double yield surface 
model like Whittle's (1993), for studying the thermomechanical stress-strain 
behaviour of normally consolidated clays.
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